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ABSTRACT 
 
The world needs new energy sources that give adequate yields at low economic and environmental 
costs. Biofuels such as biodiesel and biogas are viable options to offset usage of traditional fossil 
fuels and reduce environmental damage. In this context, microalgae are promising organisms for 
biodiesel production due to their capacity to accumulate significant amounts of lipids. Additionally, 
anaerobic digestion is becoming an efficient and widely utilized system for the generation of 
renewable biogas; and microalgae are a suitable substrate for such purpose. To date, research on 
microalgal biofuels has been performed mainly at a pilot-scale due to economic considerations and, 
in some cases, negative energy balances of the processes or potentially unsustainable practices. For 
example, a large amount of mineral fertilizer is often used to mass-produce microalgae. More 
research is required to make biofuel production more sustainable and suitable at large scale. 
An attractive way to overcome these issues is to develop an integrated production system with 
minimal inputs to reduce the environmental cost of production by recycling nutrients. This can be 
achieved through the anaerobic digestion of algal biomass. The anaerobic digestion process not only 
produces biogas but also allows nutrient recycling for repeat algae cultivation. On the other hand, 
lipid extraction for biodiesel production leaves a residue that is a potential substrate for anaerobic 
digestion. Lipid-extracted biomass may have an advantage over pure algal cultures of a higher 
native digestibility due to cell disruption during the lipid extraction process. Hence, an integrated 
system of biodiesel and biogas production using anaerobic digestion effluent as a nutrient source for 
algae growth and lipid-extracted biomass as substrate for digestion may present a good option.  
This thesis focused on the optimization of a closed nutrient loop for oil and biogas production 
through anaerobic digestion of microalgae. The study was oriented towards the scalability of the 
system aiming to optimize the main aspects that currently jeopardize the application of the proposed 
biorefinery at large scale. To address these issues three main aspects were investigated: (1) Wet and 
solvent-free lipid extraction, (2) Osmotic shock as pre-treatment for lipid extraction and biogas 
production and (3) Nutrient recycling for algae growth.   
This dissertation has been structured as follows: Chapter 1 is a literature review of the system 
proposed. Chapter 2 evaluates the anaerobic digestion of the microalga Scenedesmus dimorphus 
under continuous conditions as well as the potential of the anaerobic digestate as culture medium 
for the same species. In chapter 3 the feasibility of a wet solvent-free lipid extraction procedure by 
using osmotic shock is evaluated as pre-treatment. The species Dunaliella salina and Chaetoceros 
muelleri were chosen for this purpose as they have very fragile cell wall. Besides, the methane 
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potential of lipid-spent biomass was evaluated with biomethane potential (BMP) tests. Then in 
chapter 4, C. muelleri was selected as a suitable species for the integrated system. In this chapter the 
effect of osmotic shock and lipids removal on biogas production in BMP test and continuous stirred 
reactors was evaluated. Finally, in chapter 5 the fertilizer potential of the solid and liquid phase of 
the anaerobic digestate collected from the experiment of chapter 4 was evaluated. Chapter 6 
integrates all the findings of this study, summarizing the main results and highlighting future 
research directions.  
This research is a step forward towards the development of a sustainable algae-based biorefinery 
with the ultimate aim to store solar energy as fuel. The results reveal the high potential of the 
microalga Chaetoceros muelleri for oil and biogas production by combining osmotic shock and 
solvent-free wet lipid extraction. The efficiency of the anaerobic digestate as culture medium 
without phase separation was demonstrated which simplifies the system and makes it more cost-
efficient.  
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THESIS AIMS 
This thesis focused on the optimization of a closed nutrient loop for oil and biogas production 
through anaerobic digestion of microalgae. The study was oriented towards the scalability of the 
system aiming to optimize the main aspects that currently jeopardize the application of the proposed 
biorefinery at large scale. To address these issues three main aspects were investigated: (1) Wet and 
solvent-free lipid extraction, (2) Osmotic shock as pre-treatment for lipid extraction and biogas 
production and (3) Nutrient recycling for algae growth. In this context, the following specific aims 
were developed: 
Aim 1: To evaluate the efficiency of anaerobic digestion of algae sludge in terms of biomethane 
yield and nutrient mobilisation.  
 
Aim 2: To evaluate the suitability of a wet and solvent-free lipid extraction procedure. 
 
Aim 3: To demonstrate the efficiency of osmotic shock as pre-treatment for lipid extraction and 
biogas production 
 
Aim 4: To investigate the differences in biogas production between the anaerobic digestion of raw 
biomass and lipid extracted biomass. 
 
Aim 5: To investigate and improve growth during algae cultivation using the solid and liquid phase 
of digestate from anaerobic digestion of microalgae. 
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CHAPTER 1: Integrated biodiesel and biogas production from microalgae: Towards a 
sustainable closed loop through nutrient recycling 
 
 
Overview 
 
In this chapter, the literature for anaerobic digestion of microalgae has been reviewed and a basic 
closed nutrient loop is proposed to simultaneously produce microalgal oil and biogas to reduce or 
avoid fertilizer inputs. This review covers the main aspects of the proposed chain highlighting the 
main steps that need to be optimized. In order to find a suitable species for the development of a 
sustainable biorefinery, this thesis covers alternatives to the main drawbacks of the whole system 
exposed in this chapter. 
 
 
 
 
Highlights 
 
 The potential of microalgae biomass as feedstock for biodiesel and biogas production is 
reviewed 
 
 Cell wall degradability, salinity, and ammonium toxicity are described as the main 
limitations to anaerobic digestion  
 
 The most cost-efficient pre-treatments for lipid extraction are described 
 
 Recycling of nutrients and CO2 for further microalgae cultivation are discussed  
 
 The advances in the integration of biogas and biodiesel production are outlined 
 
 Economic and energy considerations are discussed 
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Abstract 
 
 
The sustainable, efficient production of biofuel can lead to reductions in greenhouse gas emissions, 
lowered climate change impact and increased security owing to fulfilment of global energy 
demands. Microalgae have been shown as an attractive feedstock for renewable fuel production, 
such as biodiesel and biogas. To date, more effort has been put towards the production of biodiesel 
using the lipid contents in algal cells, while less attention has been placed on biogas production 
through anaerobic digestion. However, anaerobic digestion has the potential to generate energy 
from waste residues and to mobilise nutrients enabling subsequent recovery and/or recycling. 
Therefore, anaerobic digestion is an area with strong potential for novel research focusing on the 
development of a sustainable integrated system of biodiesel and biogas production. The result is 
essentially a solar power plant, producing fuel with minimal inputs and a closed nutrient loop, a 
necessity for sustainable and cost-efficient production of biofuel. In this review, we discuss relevant 
studies on biodiesel and biomethane production, including the potential improvements and 
advantages when using an integrated approach for biodiesel and biogas production with special 
focus on nutrient recycling. 
 
 
Key words: biofuels, anaerobic digestion, biomethane, microalgae, biorefinery 
 
 
1. Introduction 
 
Biofuels have been considered a promising sustainable alternative for energy production, potentially 
decreasing the emission of greenhouse gasses. Currently, liquid biofuels are mainly produced in the 
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forms of bioethanol and biodiesel from different agricultural feedstocks, including oil crops such as 
oil palm, soybean and rapeseed, and sugar and starch crops such as sugarcane and corn (Martin, 
2010, de Vries et al., 2010). These biofuels (named first-generation biofuels) have been shown to be 
unsustainable and insufficient to meet the increasing energy demands, due to uncertain/poor energy 
balances, high water demand and high nutrient requirements, as well as competition for arable lands 
and thus with food crops (Castanheira et al., 2014, Naik et al., 2010, Sims et al., 2010, Fargione et 
al., 2008, Antizar‐Ladislao and Turrion‐Gomez, 2008). Second generation biofuels seem to be an 
interesting alternative since they are produced from non-food biomass, including agricultural wastes 
and ligno-cellulosic feedstock such as wood, grasses and forest residues (Carriquiry et al., 2011, 
Naik et al., 2010). However, their potential to sustainably satisfy world energy demands is a matter 
of debate, in terms of feedstock availability and potential negative effects on carbon balances and 
biodiversity (Schulze et al., 2012, Dauber et al., 2010). On the other hand, biofuels produced from 
microalgal biomass (third generation biofuels) can potentially overcome the drawbacks of first and 
second generation biofuels, being more productive and sustainable (Dragone et al., 2010, Schenk et 
al., 2008, Chisti, 2007). 
Microalgae have faster growth rates than other crops and thus higher yields per unit area. The 
selection of productive strains can lead to the harvesting of cells with high lipid and carbohydrate 
contents, and different strains can be grown in fresh, brackish and seawater. Microalgae cropping 
does not compete with food crops since they can be produced in non-arable land, and additionally 
can be grown in wastewater as their culture medium, reducing the use of freshwater and nutrients 
(Dragone et al., 2010, Schenk et al., 2008, Chisti, 2007, Mata et al., 2010, Brennan and Owende, 
2010). Microalgae as a source of biofuels have been widely studied for the production of bioethanol 
(Ho et al., 2013, Harun and Danquah, 2011, Harun et al., 2011a, Harun et al., 2010), biodiesel 
(Guldhe et al., 2014, Lee et al., 2010, Converti et al., 2009, Johnson and Wen, 2009, Mandal and 
Mallick, 2009, Li et al., 2007, Miao and Wu, 2006), biogas through anaerobic digestion (Prajapati et 
al., 2013, Mussgnug et al., 2010, Vergara-Fernández et al., 2008, Yen and Brune, 2007, Rigoni-
Stern et al., 1990, Samson and Leduy, 1982) and biohydrogen (Beer et al., 2009, Laurinavichene et 
al., 2002, Tsygankov et al., 2002, Tsygankov et al., 1998). However, more research is needed in 
order to increase the efficiency for microalgal biofuel production and thus enhance its commercial 
viability, and at the same time increase the sustainability of the production process.  
Maximizing production and reduction of inputs could be achieved through the development of an 
integrated system for biodiesel and biogas production, using anaerobic digestion (Fig. 1). That is 
because, besides biogas production, anaerobic digestion leads to the production of an effluent that 
can be used as fertilizer for algae culture, reducing the need of costly nutrients (Zhang et al., 2014). 
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Thus, the integration of biodiesel and biogas production through anaerobic digestion of algae debris 
after lipid extraction is a promising way to significantly enhance methane production (Alzate et al., 
2014, Ramos-Suárez and Carreras, 2014, Keymer et al., 2013), while recycling of nutrients from 
anaerobic digestion is a key step to make microalgal biodiesel production sustainable and reduce 
overall production costs (Zhu, 2014, Ehimen et al., 2011, Sialve et al., 2009, Sapci and Morken, 
2014, Morken et al., 2013, Harun et al., 2010). In fact, Sialve et al. conclude that coupling anaerobic 
digestion with biodiesel production is essential in order for microalgal fuels to be viable (Sialve et 
al., 2009). Additionally, if biogas is used for production of heat or electricity, CO2 will be available 
for algae cultivation while reducing production costs (Schenk et al., 2008). The integrated system 
has the potential to reduce energy consumption and reduce up to 71% greenhouse gas emissions 
compared to petroleum fuel (Chowdhury et al., 2012). 
Here, we wish to provide a perspective on a closed loop system focused on nutrient recycling, 
including an analysis on available pre-treatments for cell disruption that may enhance biofuel 
production. Through this review we aim to bring together relevant studies on biodiesel and 
biomethane production from microalgae, focusing on nutrient recycling through anaerobic digestion 
for the development of a sustainable and profitable closed loop for energy production with minimal 
inputs. First, we describe the current methods and requirements for the production of biodiesel and 
biomethane, comparing different microalgal strains in terms of biodiesel and biogas production 
potential. Then, we provide an overview of the different pre-treatments that can be suitable both for 
biodiesel and biogas production, which will potentially improve an integrated biorefinery. Finally, 
we discuss the advances towards the development of an integrated nutrient closed loop for biofuel 
production through anaerobic digestion, including economic and sustainability aspects. 
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Figure 1.  Schematic model of an integrated closed loop of biodiesel and biogas production using 
microalgae. The diagram shows minimal inputs in an integrated system for solar biodiesel and biogas 
production. In this system, lipids are extracted from the concentrated biomass while water is reused to repeat 
algae cultivation. The defatted biomass is used as substrate for anaerobic digestion to produce biogas. 
Biomethane is burned to produce the electricity needed to maintain the system, while nutrients and CO2 are 
recycled. The liquid phase of the digestate is used as algal culture broth and the solid phase can be used as 
soil fertilizer. Nutrient recycling is highlighted in green colour.  
 
 
2. Algal biomass production: Culture conditions and harvesting 
 
Light and nutrients are the main factors that determine cell production while herbivory and 
sedimentation lead to population loss (Sze, 1998), becoming the main factors that should be 
controlled in order to guarantee algal productivity and consequently high biomass yields. Besides, 
other variables such as temperature, pH, turbulence and salinity are crucial for culture growth 
(Barsanti and Gualtieri, 2014, Mata et al., 2010, Schenk et al., 2008, Chisti, 2007). 
Different microalgae species have specific nutrient requirements and are limited by different 
resources (Le Rouzic and Bertru, 1997, Hecky and Kilham, 1988). Within inorganic nutrients, 
macronutrients (mainly nitrogen and phosphorus) are needed at high concentrations—on average, 
the production of 1 kg dry algal biomass requires around 55 g N and 11 g P. On the other hand, 
micronutrients are needed at low concentrations and have a specific metabolic role on microalgae 
physiology (Barsanti and Gualtieri, 2014, Sigee, 2005, Lagus, 2009). The specific optimal 
proportion of nutrients for each species may change depending on factors that include growth rate, 
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temperature, light or CO2 availability. Likewise, species differ in their nutrient requirements and 
nutrient uptake kinetics which results in different optimal proportions (Lagus, 2009). A general list 
of the main nutrients required by algal cells is detailed in Table 1. 
Table 1. Elementary composition of microalgae. Adapted from Healey (1973) and Grobbelaar (2004). 
 
Element Compounds 
Cell composition 
(µg/mg dry weight) 
Average Range 
H H2O, organic molecules, H2S 65 29-100 
C CO2, HCO3
2
, CO
3-
, organic 
molecules 
430 175-650 
O O2,H2O, organic molecules  275 205-330 
N N2, NH4
+
, NO3
-
, NO2
-
, amino acids, 
purines, pyrimidines, urea, etc 
55 10-140 
Si Na3SiO3.9H2O 54 0-230 
K Several inorganic salts, i.e. KCl, 
K2SO4, K3PO4 
17.3 1-75 
P Several inorganic salts, Na or K 
phosphates, Na2 
glycerophosphate.5H2O 
11 0.5-33 
Na Several inorganic salts, i.e. NaCl, 
Na2SO4, Na3, PO4 
6.1 0.4-47 
Mg Several inorganic salts, i.e. Co2
3
, 
SO4
2-
 or Cl
-
 salts 
5.6 0.5-75 
Ca Several inorganic salts, i.e. CaCO3, 
Ca
2-
 (as chloride) 
8.7 0.0-80 
S Several inorganic salts, 
MgSO4.7H2O, amino acids 
5.9 1.5-16 
Fe FeCl3, Fe(NH4)2SO4, ferric citrate 5.9 0.2-34 
Zn SO4
2-
 or Cl
-
 salts 0.28 0.005-1.0 
B H3BO3 0.03 0.001-0.25 
Cu SO4
2-
 or Cl
-
 salts 0.1 0.006-0.3 
Mn SO4
2-
 or Cl
-
 salts 0.06 0.02-0.24 
Co Vitamin B12, SO4
2-
 or Cl
-
 salts 0.06 0.0001-0.2 
Mo Na
+
 or NH4
+
 molybdate salts 0.0008 0.0002-0.001 
Because moisture content can reach more than 99% of total microalgae cultures (Wiley et al., 
2011), harvesting is one of the biggest bottlenecks for biodiesel production. Harvesting is difficult 
due to the small size of microalgae, their low specific gravity and similar density of the growth 
medium. Microalgae typically form stable suspensions in the water column and their high growth 
rates require regular harvesting (Milledge and Heaven, 2013, Wiley et al., 2011). Many techniques 
for primary dewatering of microalgae have been developed (sedimentation, flocculation, flotation, 
filtration and centrifugation) but many of them are strain specific or have complicated operation 
methods that represent high economic and energy costs (Milledge and Heaven, 2013, Uduman et 
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al., 2010, Brennan and Owende, 2010). For achieving a sustainable and profitable integrated biofuel 
production system, the most efficient and economic harvesting method is sedimentation by gravity. 
In this way, the economic impact is minimal and ideally, wet biomass can be used for direct lipid 
extraction.  
 
3. Biodiesel from microalgae  
Microalgae have the capability to accumulate large amounts (20-50% dry weight) of 
triacylglycerides (TAGs)—which are the main compounds for biodiesel production—especially 
under nutrient deprivation, photo-oxidative stress or other disadvantageous environmental 
conditions  (Scott et al., 2010, Hu et al., 2008).  Several studies have reported increases in lipid 
contents by nitrogen or phosphorus starvation (Mandal and Mallick, 2009, Khozin-Goldberg and 
Cohen, 2006, Zhila et al., 2005), UV stress (Guihéneuf et al., 2010, Skerratt et al., 1998), changes 
on temperature (Li and Qin, 2005, Kalacheva et al., 2002) irradiances (Li and Qin, 2005, Fábregas 
et al., 2004), CO2 concentration (Chiu et al., 2009, Gordillo et al., 1998, Tsuzuki et al., 1990) and 
salinity (Ruangsomboon, 2012, Takagi and Yoshida, 2006, Li and Qin, 2005) or under 
heterotrophic growth conditions (Liang et al., 2009, Oh et al., 2009). Table 2 provides examples of 
lipid increments for different microalgal species under different stress conditions. Nitrogen 
starvation is the most widely used method to induce lipid accumulation, however, the optimum 
conditions to enhance lipid production will depend specifically of the strain, environmental 
conditions and cultivation system (Sharma et al., 2012).   
3.1. Lipid extraction and pre-treatments 
After achieving high lipid productivities, the biomass is concentrated for lipid extraction. The 
recovered lipids are then transformed into biodiesel in the presence of catalysts through 
transesterification or hydrogenolysis conversion processes. These catalysts include alkalis (e.g. 
sodium methoxide, potassium hydroxide), acids (e.g. sulfuric acid, phosphoric acid), enzymes (e.g. 
lipases) or heterogeneous catalysts (Meher et al., 2006, Leung et al., 2010, Hara, 2009).  
The extraction of lipids from algal biomass is a complex process in biodiesel production that can 
significantly increase production costs. Lipid extraction methods such as organic solvent extraction 
(Cooney et al., 2009, Bligh and Dyer, 1959) or supercritical fluid extraction (Catchpole et al., 2009, 
Sahena et al., 2009) require drying of the biomass. Dewatering is a complicated process that 
increases production costs and reduces algal biofuel profitability. Additionally, lipid recovery is not  
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Table 2. Lipid contents and lipid productivities of several microalgal strains.  
Species Culture conditions 
Lipid content 
 (% of DCW) 
Lipid 
productivity 
(mg L
-1
 d
-1
) 
Reference 
Chlorella protothecoides 
Heterotrophic growth with 
hydrolysate of Jerusalem 
artichoke 
43-46 
1881.3 - 
1840.0 
(Cheng et al., 2009) 
Chlorella protothecoides 
Heterotrophic growth with corn 
powder hydrolysate 
55.2 ± 0.3 932 (Xu et al., 2006) 
Chlorella protothecoides 
UTEX 255 
Heterotrophic growth with 
KNO3 
50.5 654 (Shen et al., 2009) 
Nannochloropsis sp.   
Combined conditions of 
salinity (13, 27 and 40 g/L 
NaCl), light intensity (170 and 
700µE/m2s) and nitrogen 
availability 
35-48 385-413 (Pal et al., 2011) 
Chlorella zofingiensis  
Heterotrophic growth with 
glucose 
51.1 354 (Liu et al., 2011) 
Chlorella vulgaris 
Mixotrophic growth with 1% 
glucose 
21 ± 1 254 ± 2 (Liang et al., 2009) 
Chlorella vulgaris Standard growth conditions 28.1 ± 4.3 204.9 ± 6.4 (Nascimento et al., 2013) 
Chlorella vulgaris conditions 23 ± 2 151 ± 3 (Liang et al., 2009) 
Nannochloropsis oculata 2% CO2 aeration 29.7 ± 2.0 142 (Chiu et al., 2009) 
Neochloris oleoabundans 
Sodium nitrate medium (5 
mM) 34 133 
(Li et al., 2008) 
Chlorella sp.  Urea limitation (0.100 g/L) 52.2 124 (Hsieh and Wu, 2009) 
Botryococcus braunii Standard growth conditions 45.0 ± 4.0 112.4 ± 11.5 (Nascimento et al., 2013) 
Botryococcus terribilis Standard growth conditions 49.0 ± 1.5 98.0 ± 3.4 (Nascimento et al., 2013) 
Scenedesmus obliquus 
Nitrogen deficient and nutrient 
deficient media 
38.9 78.7 (Ho et al., 2010) 
Chlorella vulgaris ESP-31 
Photoheterotrophic growth 
with acetic acid feeding  
50 78 (Yeh et al., 2012) 
Chlorella vulgaris ESP-31 
Mixotrophic growth with 
glucose and CO2 
40-53 67-144 (Yeh and Chang, 2012) 
Ankistrodesmus falcatus Standard growth conditions 16.5 ± 0.4 56.1 ± 1.8 (Nascimento et al., 2013) 
Nannochloropsis sp. F&M-
M24 
Nitrogen starvation 30.9 54.8 (Rodolfi et al., 2009) 
Chlorella sp. BUM11008 Nitrogen starvation 42.8 54.0 ± 0.6 (Praveenkumar et al., 2012) 
Scenedesmus sp. DM Nitrogen starvation 21.1 53.9 (Rodolfi et al., 2009) 
Chlorococcum sp. UMACC 
112 
Nitrogen starvation 19.3 53.7 (Rodolfi et al., 2009) 
Pavlova lutheri CS 182 Nitrogen starvation 35.5 50.2 (Rodolfi et al., 2009) 
Ankistrodesmus fusiformis Standard growth conditions 20.6 ± 2.1 49.6 ± 5.7 (Nascimento et al., 2013) 
Phaeodactylum 
tricornutum F&M-M40 
Nitrogen starvation 18.7 44.8 (Rodolfi et al., 2009) 
Chlorella sorokiniana 
IAM-212 
Nitrogen starvation 19.3 44.7 (Rodolfi et al., 2009) 
Tetraselmis sp. F&M-M34 Nitrogen starvation 14.7 43.4 (Rodolfi et al., 2009) 
Chlamydocapsa bacillus Standard growth conditions 13.5 ± 0.6 43.3 ± 2.4 (Nascimento et al., 2013) 
Chlorella sp. BUM11010 Iron starvation 31.4 40.0 ± 0.8 (Praveenkumar et al., 2012) 
Chlorella sp. BUM11009 Phosphate starvation 31.9 39.4 ± 0.5 (Praveenkumar et al., 2012) 
Isochrysis sp. (T-ISO) CS 
177 
Nitrogen starvation 22.4 37.7 (Rodolfi et al., 2009) 
Chlorella vulgaris F&M-
M49 
Nitrogen starvation 18.4 36.9 (Rodolfi et al., 2009) 
27 
 
Scenedesmus quadricauda Nitrogen starvation 18.4 35.1 (Rodolfi et al., 2009) 
Chaetoceros muelleri 
F&M-M43 
Nitrogen starvation 33.6 21.8 (Rodolfi et al., 2009) 
Nannochloropsis sp. Nitrogen starvation 
28.7* NR 
(Gouveia and Oliveira, 
2009) 
Neochloris oleoabundans Nitrogen starvation 
29* NR 
(Gouveia and Oliveira, 
2009) 
DCW = dry cell weight; NR=Not reported. 
* Ash-free dry weight 
 
100% efficient. In order to improve lipid recovery percentage, and benefit the subsequent anaerobic 
digestion processes, several pre-treatments of the biomass have been developed (see Section 4.2). 
Pre-treatments provoke cell disruption and liberate the lipids inside the cells. In order to reduce lipid 
extraction cost, pre-treatments on wet biomass are preferable. These include hydrothermal 
liquefaction  (Barreiro et al., 2013, Toor et al., 2011), microwave assisted extraction (Iqbal and 
Theegala, 2013, Balasubramanian et al., 2011),  enzymatic extraction (Cho et al., 2013, Fu et al., 
2010), osmotic shock (Yoo et al., 2012, Lee et al., 2010), oxidative stress (Bai et al., 2014), 
ultrasound assisted extraction (Araujo et al., 2013, Adam et al., 2012) and pulsed electric field 
technology (Zbinden et al., 2013, Goettel et al., 2013). Here, we give a brief introduction to the 
most cost-efficient pre-treatments.  
 
Hydrothermal liquefaction (HTL) 
Hydrothermal liquefaction is an attractive method of biomass conversion which produces a 
relatively stable oil product with low energy consumption in comparison with other conversion 
techniques (Toor et al., 2011). Thermochemical conversion applies high pressure (10-25Mpa) and 
medium to subcritical temperature (below 374ºC) (Barreiro et al., 2013, Garcia Alba et al., 2011). 
During the process, the biomass is hydrolysed and degraded into small molecules and part of the 
oxygen in the biomass is removed by decarboxylation or dehydration (Toor et al., 2011). With this 
technology, the energy recovery from biomass to fuel is around 80% (Toor et al., 2011) and less 
than 5% of the energy cost is required to complete thermal drying (Garcia Alba et al., 2011). 
 
Oxidative stress  
 
Free nitrous acid (FNA) is a low cost and effective pre-treatment that has been studied recently by 
Bai et al. (2014) to improve lipid extraction through oxidative stress. The study reveals the 
efficiency of FNA in disrupting the cell membrane of algae cells which facilitates lipid recovery. 
The efficiency of this methodology increases with longer exposure time (48 h) and higher FNA 
concentration (up to 2.29 mg HNO2-N/L). The authors report the highest total lipid extraction yield 
to be 2.4 fold higher on cultures treated with FNA compared with untreated biomass. 
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Osmotic shock 
Osmotic shock is an abrupt change in osmotic pressure which causes the disruption of algae cells 
and the release of their cellular components (Mercer and Armenta, 2011), substantially improving 
lipid recovery. Yoo et al. (2012) evaluated the effect of osmotic shock on lipid recovery from wet 
biomass of Chlamydomonas reinhardtii. Lipid recovery after osmotic shock was two times higher 
in comparison with untreated biomass. Besides, the study reveals the importance of the cell wall 
and growth phase on the efficiency of this method, concluding that senescent cell phase is the 
optimal for lipid extraction. This is a suitable, easy, cheap and scalable technic for species with a 
thin or fragile cell wall.  
 
4. Biogas from microalgae 
Anaerobic digestion is a widely utilized process for treatment of organic wastes that leads to the 
production of methane-rich biogas. This is a complex process in which specialized microorganisms 
(hydrolyzing, fermentative, acetogenic, homoacetogenic, sulfate-reducing and methanogenic 
archaea) decompose organic compounds in an oxygen-free environment (Ziemiński and Frąc, 
2014). The microbial consortia work together to decompose complex organic substances into 
simple and chemically-stable compounds, such as methane and carbon dioxide through a series of 
biochemical reactions, including hydrolysis, acidification, acetogenesis and methanogenesis 
(Kwietniewska and Tys, 2014, Naik et al., 2010, Ziemiński and Frąc, 2014). Key variables that 
affect the performance of an anaerobic digestion process are substrate composition, water content, 
temperature, pH, alkalinity, organic loading rate and hydraulic retention time (Kwietniewska and 
Tys, 2014). Biogas composition is impacted by both the substrate composition (which impacts 
methane and CO2 ratios) and pH (which regulates the speciation of the carbonate system and CO2 
release) (Uggetti et al., 2014). 
The study of anaerobic digestion for biogas production was initially concentrated on the 
biodigestion of different wastes such as wastewater (Osorio and Torres, 2009, Gelegenis et al., 
2007, Bougrier et al., 2006, Demirer et al., 2000), slurry (Comino et al., 2012, Clemens et al., 2006, 
Wulf et al., 2006, Lallai et al., 2002), manure (El-Mashad and Zhang, 2010, Ahn et al., 2010, Chae 
et al., 2008, Hansen et al., 1998) or food  waste (Banks et al., 2011, El-Mashad and Zhang, 2010, 
Cho et al., 1995, Viswanath et al., 1992). Additionally, several studies have been reported on the 
anaerobic digestion of different crops, such as maize silage (Bruni et al., 2010, Gerin et al., 2008, 
Lebuhn et al., 2008, Amon et al., 2007, Strik et al., 2006), straw (Xie et al., 2011a, Kaparaju et al., 
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2009, He et al., 2008, Zhang and Zhang, 1999, Müller and Trösch, 1986) and grass silage 
(Lehtomäki et al., 2008, Xie et al., 2011b, Mähnert et al., 2005).  
Research in biogas production from microalgae has recently increased due to their advantages over 
other feedstocks. Microalgal biomass is a suitable substrate for anaerobic digestion since mineral 
composition of algae cells fits the nutrient demand of anaerobic bacteria (Sialve et al., 2009). The 
solar energy stored in algal cells is converted into usable energy by burning the methane liberated in 
the anaerobic digestion process (Golueke et al., 1957). Besides their fast growth and their capacity 
to produce high densities of biomass on a small and non-arable area, microalgae release less 
hydrogen sulphide than other substrates, due to their low amount of sulphurated amino acids (Sialve 
et al., 2009). 
The first study on anaerobic digestion of microalgae was published by Golueke et al. (1957) who 
made a comparison between anaerobic digestion of green microalgae and raw sewage resulting in a 
similar methane yield. After this, many studies have been published focused mainly on the 
anaerobic digestion of green algae (Ramos-Suárez et al., 2014, Prajapati et al., 2014a, Alcántara et 
al., 2013, Frigon et al., 2013, Mairet et al., 2012, Ras et al., 2011, Mussgnug et al., 2010, Marzano 
et al., 1982) and cyanobacteria (Prajapati et al., 2013, Yuan et al., 2011, Mussgnug et al., 2010, Yan 
et al., 2010, Zeng et al., 2010, Samson and Leduy, 1982). Other algae groups that have been studied 
for biogas production are euglenophyceans (Grimm et al., 2015, Mussgnug et al., 2010), diatoms 
(Bogen et al., 2013, Zamalloa et al., 2012), and even macroalgae (Vivekanand et al., 2012, Vergara-
Fernández et al., 2008, Briand and Morand, 1997, Chynoweth et al., 1978). An overview of the 
biogas yield from different microalgal species without pre-treatments is included on Table 3.  The 
average percentage of biomethane in biogas is around 60% and the maximum methane yield 
reported to date is around 400 mL g
-1
 Volatile Solids (VS) (Mussgnug et al., 2010, Ramos-Suárez et 
al., 2014, Hernández and Córdoba, 1993). 
Although biogas production from microalgae has been mainly focussed on chlorophyceans (green 
algae) from the genera Chlorella (González-Fernández et al., 2012b, Ras et al., 2011, Mussgnug et 
al., 2010, Hernández and Córdoba, 1993, Golueke et al., 1957) and Scenedesmus (Frigon et al., 
2013, Keymer et al., 2013, González-Fernández et al., 2012a, Zamalloa et al., 2012, Golueke et al., 
1957), these genera usually report low biomethane yields compared to other species due to their 
rigid cell wall that hinder the biodegradability of the cells (Mussgnug et al., 2010, Sialve et al., 
2009). In the comparative analysis of biogas production from different species developed by 
Mussgnug et al. (2010), Chlorella kessleri and Scenedesmus obliquus reported the lowest methane 
yields (218 and 178 mL g
-1
 VS,
 
respectively) while other chlorophyceans as Chlamydomonas 
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reinhardtii (protein-based cell wall without cellulose) and Dunaliella salina (without cell wall) 
reported biomethane yields of around 387 and 323 mL g
-1
 VS
 
respectively. This suggests that 
microalgal species with thin cell walls are more digestable and should be preferred as feedstock for 
biogas production from anaerobic digestion. All of the studies reported in Table 3 did not perform 
pre-treatments on microalgal biomass and higher yields can be expected if pre-treatments are used 
to break the cell walls for increased digestibility (see Section 4.2).  
Biogas yields from cyanobacteria species are generally lower compared to those obtained by 
chlorophyceans. Yuan et al. (2011) reported a methane yield of 189.89 mL g
-1 
VS following the 
anaerobic digestion of a mix of cyanobacteria mainly composed of the genus Microcystis. The 
average methane concentration in the biogas was only 36.72% while generally this percentage is 
around 60-75% with other microalgae feedstocks (Collet et al., 2011, Sialve et al., 2009). A lower 
yield with this genus was reported by Zeng et al. (2010) who described a maximal methane yield of 
140.48 mL g
-1 
VS and maximal methane concentration of 45.19%. Samson and Leduy (1982) 
reported a better yield following the biodigestion of Spirulina maxima (260 mL g
-1 
VS) with an 
average methane concentration of 68-72%, while Mussgnug et al. (2010), obtained a biomethane 
yield of 293 mL g
-1 
VS and 61% of methane concentration based on the digestion of Arthrospira 
platensis.  
 
4.1. Limitations to anaerobic digestion of algae 
In order to guarantee the financial viability of an optimal biogas yield is very important to take into 
account some aspects that can restrict the efficiency of anaerobic digestion when using microalgae 
as substrate, such as cell wall degradability, ammonium toxicity and salinity. 
 
Cell wall degradability  
Algal cell walls of prokaryotic (cyanobacterial) and eukaryotic algae are composed of a rigid, 
homogenous and often multilayered structure whose chemical composition differs between different 
groups (Barsanti and Gualtieri, 2014, Lowe et al., 1996). In general, algal cell walls contain two 
main components: 1) the fibrillar component which comprises the skeleton of the cell wall 
(generally cellulose), and 2) the amorphous component (composed of polysaccharides, lipids and 
proteins) where the fibrillar component is enclosed (Lee, 2008, Barsanti and Gualtieri, 2014). Some 
species of microalgae have a tight cell wall that can be highly resistant to anaerobic degradation 
which reduces the biodegradability of algae cells, resulting in a low biogas yield. Foree and 
McCarty (1970) evaluated anaerobic decomposition of several microalgae substrates resulting in 
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41% of the initial particulate matter undecomposed after 200 days. Species with a thin or weaker 
cell wall can be more easily digested than those with a thick and rigid cell wall, such as that found 
in Scenedesmus sp. This was demonstrated by Mussgnug et al. (2010), who evaluated the anaerobic 
digestion of six different strains of microalgae. The species without a cell wall or those with a 
protein-based cell wall gave the highest biogas yields, due to the better digestibility of algal cells. 
The authors suggest that cell wall composition and the production of certain bactericidal 
compounds can be inhibitory factors that require the application of adequate pre-treatments. In 
order to improve biogas yield of certain species it is mandatory to implement pre-treatments or 
select species without cell walls (Ras et al., 2011). 
 
Ammonia toxicity  
The equilibrium between ammonium (NH4
+
) and its un-ionised form ammonia (NH3) is primarily 
mediated by pH and temperature. Any change in one of these variables could lead to liberation of 
ammonia which can become very toxic for the bacterial community (especially for methanogenic 
archaea) altering the good performance of the anaerobic digester (Ward et al., 2014, Kayhanian, 
1994).  As nitrogen is an essential nutrient for anaerobic microorganisms, total ammonia nitrogen 
concentrations below 200 mg L
-1
 are beneficial for the anaerobic digestion process (Liu and Sung, 
2002).  
Anaerobic digestion of microalgae can deal with ammonium toxicity since generally their C/N 
ratios are low due to their high protein content. C/N ratios below 20 lead to ammonia liberation 
(Ward et al., 2014).  One way to deal with ammonia toxicity is to use co-digestion of microalgae 
with rich carbon compounds which also improves methane yield. Zhong et al. (2012) reported an 
increase of 61.69% on the methane yield from blue algae sludge when co-digested with corn straw. 
The methane yield increased from 201 mL g
-1 
VS with algae sludge substrate alone to 325 mL g
-1 
VS after co-digestion. An increase of 66.4% in biomethane yield of Scenedesmus sp. was observed 
when co-digested with Opuntia maxima plants (Ramos-Suárez et al., 2014). Similar results were 
obtained for the co-digestion of algae sludge and waste paper, which had a methane yield (1170 mL 
L
-1
 day
-1
) more than two-fold than from the algae alone (573 mL L
-1
 day
-1
) (Yen and Brune, 2007). 
On the other hand, ammonia inhibition can be partially addressed through pH and temperature 
control as the ionised non-toxic form of ammonia (ammonium - NH4) increases with pH below 7 
and higher temperatures (Kwietniewska and Tys, 2014, Ward et al., 2014). During microalgae 
cultivation the pH can be conveniently controlled by the addition of CO2.  
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Table 3. Methane production from the anaerobic digestion of different microalgae biomass.  
 
Species Reactor T (ºC) 
Operation 
time (days) 
Biogas yield 
(mL g-1 VS) 
CH4 yield 
(mL g-1 VS) 
CH4 (%) Reference 
Isochrysis spp. BMP test 35 34-50 NR 408 ± 4 NR (Frigon et al., 2013) 
Scenedesmus dimorphus BMP test 35 34-50 NR 397 ± 10 NR (Frigon et al., 2013) 
Scenedesmus sp. (lipid extracted biomass) BMP test 37 37.5 NR 393.6 ± 19.5 NR (Yang et al., 2011) 
Chlamydomonas reinhardtii BMP test 38 32 587 ± 8.8 387.42 66 (Mussgnug et al., 2010) 
Chlorella vulgaris  BMP test 35 34-50 NR 361 ± 11 NR (Frigon et al., 2013) 
Porphyridium aeruginosa BMP test 35 34-50 NR 352 ± 3 NR (Frigon et al., 2013) 
Phaeodactylum tricornutum BMP test 34 ± 2 30 NR 350 ± 0.03 NR (Zamalloa et al., 2012) 
Euglena gracilis BMP test 38 32 485 ± 3 324.95 67 (Mussgnug et al., 2010) 
Dunaliella salina BMP test 38 32 505 ± 24.8 323.2 64 (Mussgnug et al., 2010) 
Tetraselmis sp.  CSTR 35 NR 418.9 - 430.5 310 72-74 (Marzano et al., 1982) 
Neochloris oleoabundans BMP test 35 34-50 NR 308 ± 1 NR (Frigon et al., 2013) 
Arthrospira platensis BMP test 38 32 481 ± 13.8 293.41 61 (Mussgnug et al., 2010) 
Chlorella sorokiniana BMP test 35 34-50 NR 283 ± 4 NR (Frigon et al., 2013) 
Chroococcus sp. BMP test 36 ± 1 30 487 ± 16.73 267.36 54.9 (Prajapati et al., 2013) 
Thalassiosira weissflogii BMP test 35 34-50 NR 265 ± 15 NR (Frigon et al., 2013) 
Chlorella pyrenoidosa BMP test 36 ± 1 NR 464 ± 66 264.71 57.05 ± 0.89 (Prajapati et al., 2014a) 
C. vulgaris CSTR 35 35 NR 240 NR (Ras et al., 2011) 
Nannochloropsis gaditana BMP test 35 34-50 NR 228 ± 4 NR (Frigon et al., 2013) 
Glossomastix chrysoplasta BMP test 35 34-50 NR 227 ± 8 NR (Frigon et al., 2013) 
Chlorella kessleri BMP test 38 32 335 ± 7.8 217.75 65 (Mussgnug et al., 2010) 
Chlorella sorokiniana CSTR 40-41 71 248 212 85.48 (Polakovičová et al., 2012) 
Scenedesmus obliquus BMP test 33 ± 2 30 NR 210 ± 0.03 NR (Zamalloa et al., 2012) 
C. vulgaris BMP test 36 ± 1 NR 369 ± 67 195.64 53.02 ± 0.46 (Prajapati et al., 2014a) 
Cyanobacteria mix CSTR 35 NR 517.13 189.89 36.72 (Yuan et al., 2011) 
C.  vulgaris  CSTR 40-41 110 221.1 189 85.48 (Polakovičová et al., 2012) 
Scenedesmus obliquus BMP test 38 32 287 ± 10.1 177.94 62 (Mussgnug et al., 2010) 
Chlorella minutissima BMP test 36 ± 1 NR 340 ± 114 166.12 48.86 ± 0.74 (Prajapati et al., 2014a) 
C. vulgaris CSTR 35 65 NR 147 NR (Ras et al., 2011) 
Arthrospira maxima CSTR 35 30 200 144 72 (Samson and Leduy, 1982) 
Scenedesmus spp. & Chlorella spp. BMP test 35 ± 1 20 NR 143 NR (Yen and Brune, 2007) 
Microcystis spp. BMP test 35 30 NR 140.48 35.92 (Zeng et al., 2010) 
        
        
NR= Not reported; BMP = biomethane potential; CSTR = continuously stirred tank reactor
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Salinity 
 
Sodium toxicity may be an important inhibitor when the feedstock for anaerobic digestion is an 
algal culture of marine species. High salt concentrations in marine cultures can be very toxic for 
methanogenic archaea due to dehydration by osmotic pressure (Ward et al., 2014, Chen et al., 
2008). Besides, the use of NaOH or Na2CO3 for pH control can increase the sodium concentration 
(Feijoo et al., 1995). Sodium toxicity on anaerobic digestion has been reported by many authors, but 
there is no consensus neither in the optimal sodium concentration nor in the toxic concentration 
since the inhibitory effect is different for each anaerobic community on the digester and the 
presence of other ions in each case may play an antagonistic role in sodium toxicity (Feijoo et al., 
1995, Omil et al., 1995, McCarty and McKinney, 1961). Patel and Roth (1977) reported an optimal 
sodium concentration of 345 mg Na
+ 
L
-1
 for methanogens while Kugelman and Chin (1971) 
suggested 230 mg Na
+ 
L
-1
 as the optimum for acetoclastic methanogens. An inhibitory effect at 2 
and 6 g Na
+
L
-1
 was reported by Patel and Roth (1977) but Rinzema et al. (1988) reported an 
inhibitory effect of 10%, 50% and 100% at sodium concentrations of 5, 10 and 14 g Na
+
L
-1
, 
respectively, in acetoclastic methanogenic activity. Despite the different values, the inhibitory 
concentration seems to be quite far from its optimum which suggests an adapting potential to 
sodium toxicity. Salinity tolerance of methanogenic archaea has been shown to increase after an 
adaptation period instead of shock exposure (Feijoo et al., 1995). 
Because of this potential inhibition factor, few authors have evaluated marine species for biogas 
production and mostly with macroalgal species (Vanegas and Bartlett, 2013, Vergara-Fernández et 
al., 2008, Bird et al., 1990, Hanssen et al., 1987). However, some studies with microalgal marine 
species have shown acceptable biomethane yields (Frigon et al., 2013, Zamalloa et al., 2012, 
Mussgnug et al., 2010).  
 
4.2. Pre-treatments to enhance algae digestibility 
An effective way to solve the limitations discussed above and enhance algae digestibility is to apply 
a determined treatment to the algal sludge before digestion. All pre-treatments are focussed on cell 
disruption which is the main factor that obstructs algae digestibility and reduces biogas production 
potential. When implementing an integrated approach for concurrent biodiesel and biogas 
production (Fig. 1), a suitable pre-treatment to improve anaerobic digestion may be already in place 
from the oil extraction step. In fact, although this has not been studied simultaneously in the 
literature, the pre-treatments that are effective for improved oil extraction from microalgae are very 
similar to those that have been reported to be effective for improved anaerobic digestion.  
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Many types of pre-treatments for anaerobic digestion have been described in the literature (Passos 
et al., 2014a, Appels et al., 2012, Carrère et al., 2010), but the efficiency on microalgae has been 
poorly studied. Microalgae digestibility after pre-treatments has been mainly evaluated by 
biomethane potential (BMP) test and further research is needed in pilot-scale reactors to determine 
the scalability of the technology (Passos et al., 2014a). A complete review on pre-treatments to 
improve biogas production from microalgae has been recently published by Passos et al. (2014a). 
Here, we describe some generalities of the most used techniques.  
Thermal pre-treatment 
Thermal pre-treatment is the most commonly used method to prepare microalgal feedstock for 
anaerobic digestion. Under high temperatures, there have been reported increments in algae biomass 
digestibility up to 48-60% (González-Fernández et al., 2012b, Alzate et al., 2012). Comparing with 
other methods, thermal pre-treatment is a promising treatment that is scalable and the energy input 
is negligible compared to the benefits (Schwede et al., 2013, Passos and Ferrer, 2014). With the 
improvement of biomass digestibility after pre-treatment, biomethane production is always higher 
in comparison with untreated biomass. Passos and Ferrer (2014) reported 70% increment on 
biomethane yield at relatively low temperatures (75-95°C) with an energy gain around 2.7 GJ day
-1
  
after digestion of 1.5 L of the pre-treated biomass. At same temperatures, Passos et al. (2013a) 
reported an increment up to 61% while a significant increase of 285% was reported for 
Nannochloropsis salina at 120°C (Schwede et al., 2013).  Another approach was developed by 
Keymer et al. (2013) by applying high pressure thermal hydrolysis (HPTH) to both raw algae and 
lipid-extracted residues. The pre-treatment increased methane yield by 81% and 110% for raw and 
lipid-extracted biomass respectively. 
 
Mechanical pre-treatment  
 
The principle of mechanical pre-treatment is to apply a physical force to the biomass. For example, 
mechanical treatments on microalgae sludge can be implemented with ultrasound and microwaves. 
The ultrasound treatment consist in fast compression and decompression cycles of sonic waves 
generating the formation of microbubbles inside the cells (Passos et al., 2014b), while with 
microwaves, short waves of electromagnetic energy (300 MHz-300 GHz) lead to a fast water 
boiling point provoking the weakening or rupture of some hydrogen bonded structures (Marin et al., 
2010). The main disadvantage of this treatment is that it can be very expensive due to high 
electricity consumption (Passos et al., 2014a). Among mechanical pre-treatments, ultrasound is the 
most commonly used for microalgae digestion.  Its effectiveness depends of the energy dose (as 
higher energy doses lead to a higher degree of disintegration) and the target species. For instance, 
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Lee et al. (2014) reported an increase on methane production of 230% based on the anaerobic 
digestion of Hydrodictyon reticulatum with an energy dose of 40 J mL
-1
, while for Chlorella 
vulgaris 200 J mL
-1 
improved biomethane production by up to 90% (Park et al., 2013). Microwave 
pre-treatment has been tested on microalgae mainly for lipid extraction (Dejoye et al., 2011, Lee et 
al., 2010). There are a few studies reported in the literature for biogas production. Although this 
treatment has shown an increment on algal biomass solubilisation of up to 800% (Passos et al., 
2013b), the improvements on biogas yield reported are lower (maximum 40-78%) in comparison 
with ultrasound pre-treatment (Passos et al., 2014c, Passos et al., 2013b, Schwede et al., 2011).  
 
Chemical pre-treatment  
Chemical pre-treatment are based in the addition of alkali, acid or an oxidative agent, such as 
hydrogen peroxide prior to digestion. The main disadvantage of this treatment is the potential 
toxicity of different by-products (Bohutskyi and Bouwer, 2013). Additionally, despite a low energy 
demand, chemical pre-treatment can be very expensive to be scalable due to high chemical costs. 
There are only a few studies about chemical pre-treatment on algal sludge for biogas production, as 
biomass solubilization and increases in methane yield are very low compared to other treatments 
(Passos et al., 2014a). However, the combination of chemical and thermal pre-treatments has shown 
very good results. For instance, Bohutskyi et al. (2014a) found that chemical treatment with alkali 
was not effective while thermochemical pre-treatments resulted in the highest biomass 
solubilisation with an increase in methane yields of 30% and 40% for Chlorella and 
Nannochloropsis respectively.  
 
5. Nutrient mobilization 
 
Through anaerobic digestion a portion of the nutrients that go into the process can be mobilized and 
recycled. For instance, Zhang et al. (2014) reported that 40.7 g of nitrogen (74%) and 3.8 g of 
phosphorous (35%) were recycled for 1 kg (dry weight) of digested Scenedesmus dimorphus 
biomass digested. The study shows that nitrogen recovery is highly efficient after anaerobic 
digestion, but most of the phosphorus remains trapped in the solid phase of the digestate and is 
useless for microalgae cultivation. Therefore, options on how nutrients from the solid phase can be 
reutilized for microalgae cultivation should be explored. Besides this study, there are no reports in 
the literature about N and P distribution in the liquid and solid phase of digestate from anaerobic 
digestion of microalgae, which makes difficult to predict the fertilizer value of an algal digestate 
suitable for a closed loop of biofuel production. Nevertheless, the same pattern described by Zhang 
et al. (2014) has been found for digestates from other substrates (Holm-Nielsen et al., 2009, 
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Yilmazel and Demirer, 2011, Massé et al., 2007, Bauer et al., 2009, Balasubramanian and Bai, 
1992, J.A. Field, 1984). It seems that during anaerobic digestion the available fraction of 
phosphorus is reduced and P solubility is controlled by increasing P stability on the solid phase 
(Güngör and Karthikeyan, 2008). Since pH has a strong effect on phosphorus solubility, high pH 
values result in calcium or magnesium phosphate (struvite) precipitation as the chemical 
equilibrium in that case favours PO4
3-
 over HPO4
2- 
(Marcilhac et al., 2015). Besides, phosphate 
release seems to be influenced by inoculum/substrate ratio (ISR). Zeng et al. (2010) found a strong 
correlation between orthophosphate release and ISR in the anaerobic digestion of Microcystis spp. 
The study shows a 34% decrease in the orthophosphate release rate when the ISR decreased from 
2.0 to 0.5. The authors explain this phenomenon as an enhancement of the decomposition rate of 
algae cells due to additional anaerobic microorganisms which in turn liberate more intracellular 
phosphorus. 
On the other hand, anaerobic digestion effluent is characterized by its high ammonium content. 
Nitrogen is mostly liberated in the digestate as ammonium, due to a very low denitrification rate in 
the anaerobic digestion process (Ihara et al., 2008). At high retention times (28 days) and 35°C, a 
nitrogen mineralization efficiency of 68% was reported (Ras et al., 2011). 
 
6. Nutrients recycling and CO2 production, the final step to close the loop  
 
6.1. Nutrients recycling, the final step to close the loop  
As we discussed above, besides gas production, anaerobic digestion generates a digestate rich in 
nutrients that can be used as fertilizer (Alburquerque et al., 2012, Möller and Müller, 2012, 
Arthurson, 2009) giving an additional value to the process. The production of high quality fertilizers 
is being explored through extraction of the nutrients concentrated on digestates (Uggetti et al., 
2014). High levels of N, P and K as well as some micronutrients on digestates (Alburquerque et al., 
2012) make them a suitable source of nutrients for algae culture. Particularly the liquid phase of 
digestate, characterized by the presence of low amounts of solids and high nutrient content, is a 
good alternative to replace costly chemical fertilizers. Meanwhile, the solid phase of the digestate 
may inhibit light penetration in the cultures. Besides, organic N remains in the solid fraction of 
digestate while the liquid fraction is rich in mineralized N (mostly ammonium) (Zhang et al., 2014). 
 Although algae growth on digestates from different feedstocks has been proposed by many authors 
(Budiyono et al., 2014, Cicci and Bravi, 2014, Ji et al., 2014, Cai et al., 2013, Franchino et al., 
2013, Wang et al., 2010, Phang et al., 2000, Blier et al., 1995, Olguin et al., 1994), the use of algal 
digestate as source of nutrients for algae growth has been poorly studied. The first attempt into a 
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closed loop for algae biomass and gas production through anaerobic digestion was reported by 
Golueke and Oswald (1959). They evaluated algae growth and biogas production through an 
innovative system composed by three components: an algae growth unit, an activated sludge and a 
digester. The feasibility of algae growth on algal digestate was demonstrated and the conversion of 
algae cells to methane reached an efficiency of approximately 66%.   
Since this study, there are very few reports related to algal digestate as fertilizer for algae growth.  
Bjornsson et al. (2013) evaluated Scenedesmus sp. AMDD growth on digestates from different 
feedstocks (algal biomass, co-digested swine manure/algal biomass, cow manure, swine manure) 
concluding that algal digestate has an advantage over the others due to its higher level of 
magnesium which is a main component of chlorophyll molecules and therefore an essential 
macronutrient for algae growth. Prajapati et al. (2014b) resumed Golueke and Oswald’s work and 
proposed a closed loop process through the anaerobic digestion of the Cyanobacteria Chrooococcus 
sp. and subsequent recycling of nutrients in the digestate for algae growth of the same strain.  With 
liquid digestate concentration of 30% the culture raised a biomass of 0.79 g L
-1
. Their results 
showed that the proposed cycle is possible but that it needs further optimization to make it 
economically viable.  
 
6.2. CO2 recycling to boost algae productivity 
A realistic possibility could be to burn the biogas onsite (e.g. for electricity production or to produce 
heat; e.g. for thermal pre-treatment) and then use the CO2 generated from this stream for improved 
microalgae growth. This partly closes the loop for carbon, but CO2 from the atmosphere will still be 
required as carbon is continuously removed from the system as biodiesel. Anaerobic digestion also 
directly generates CO2 whose concentration in biogas is around 30-40% (Bohutskyi and Bouwer, 
2013). If methane is required in a pure form, for example for the production of chemicals 
(Bohutskyi and Bouwer, 2013), a cheap way to scrubbing methane could be to use microalgae 
cultures for biogas purification. At the same time, the supplementation of CO2 to the cultures could 
improve the productivity. However, its effectiveness is debatable due to the possible methane losses 
during the purification process. 
The use of CO2 from anaerobic digestion to purify biogas and support algae growth has been 
evaluated by only a few authors. The first approximation reported in the literature was done by 
Travieso et al. (1993) who improved the productivity of Arthrospira sp. In around 2-5 times by 
using the CO2 generated by the anaerobic digestion of molasses of a sugar refinery. Besides the 
benefits for algae cultivation, this experiment showed to be efficient in gas purification by 
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increasing methane concentration from 55-77% to 88-97%. Another study developed by Heubeck et 
al. (2007) showed that the supplementation of CO2 in a high rate microalgae pond for wastewater 
treatment increased algae production and nutrient assimilation. Similarly, Doušková et al. (2010) 
evaluated the use of CO2 from anaerobic digestion of agricultural waste for cultivation of Chlorella 
vulgaris BEIJ. The algae growth rate was similar when consuming biogas and when supplemented 
with a mixture of air and food-grade carbon dioxide, proving that the raw biogas could be used as 
carbon source for algae growth. The authors highlight two main advantages of using biogas as a 
source of carbon dioxide for algae growth: a reduction in the production costs and a final biomass 
free of harmful compounds that can arise in flue gases. 
 
7. Energy balance and economic considerations 
 
Economic and energy balances in microalgal production depend on strain selection, cultivation 
systems (e.g. photobioreactors or open ponds), growing conditions, end products (e.g. biodiesel and 
biogas) the market value of products and co-products, and production technologies (e.g. addition of 
CO2, dewatering) (Sapci and Morken, 2014). Several studies show that coupling biodiesel and 
biogas systems can increase the economic and environmental feasibility of biofuel production 
operations, leading to more CO2 savings as biogas can create the energy required for the production 
of biodiesel (Collet et al., 2011, Harun et al., 2011b, Sapci and Morken, 2014, Lyko et al., 2009, 
Ward et al., 2014, Morken et al., 2013). As a result, when coupling both systems, biodiesel 
production costs and CO2 carbon emissions can decrease up to 33% and 75% respectively, (Harun 
et al., 2011b), leading to energy output increases up to 40% (Bohutskyi et al., 2014b). 
Table 4 shows positive energy balances when both systems are integrated through nutrient, CO2 and 
electricity recycling (Morken et al., 2013, Sapci and Morken, 2014), and negative energy balances 
when using external nutrient and energy sources mostly derived from fossil fuels (Razon and Tan, 
2011). 
The feasibility of this coupling is dependent on the selected algae strain, which is expected to have 
high lipid contents in order to achieve large biodiesel yields (Wiley et al., 2011), while high protein 
and carbohydrate contents increase biogas production (Sapci and Morken, 2014, Zhu, 2014). High 
cell wall biodegradability, low cell wall protein content and low sodium content strains are also 
desirable in order to increase the overall energy production when coupling biodiesel and biogas 
production systems (Sialve et al., 2009). 
Higher energy efficiencies and economic returns can be achieved through the optimization of 
energy intensive processes (e.g. during cultivation and oil extraction). Furthermore, nutrient 
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recycling and carbon sequestration loops could help in increasing the overall cost-effectiveness of 
the coupled system (Razon and Tan, 2011). Nutrients recycled through anaerobic digestion could 
reduce upstream energy demand (i.e. fertilizers) in around 43-66% for nitrogen and in 20-39% for 
phosphorus (Keymer et al., 2013). As a result, there could be a need for an external source of 
nutrients in order to supplement the products of anaerobic digestion, including fresh fertilizer 
(make-up nutrients) or organic wastes for co-digestion, although in lower proportions (Fig. 2).  
Table 4. Comparison of energy inputs and energy yields for different coupled systems for biodiesel and 
biogas production 
Combined lipid extraction and biogas production 
Calculated 
energy demand 
Calculated energy yield Notes Reference 
75 kWh ha
-1
d
-1
 
(0.5 kWh kg
-1 
DM) 
90 kWh/ha/d (0.6 kWh kg
-1 
DM): 
30 kWh as biodiesel 
22 kWh power from 
methane combustion 
38 kWh heat from methane 
combustion 
-Converted from GJ ha
-1
yr
-1
 
-Based on 55,000 kg DM ha
-1
yr
-1
 
(150 kg DM ha
-1
d
-1
) 
-Assumes no energy demand for 
CO2 or nutrients (quantifies 
recycled nutrients as equivalent to 
67 GJ) 
Morken et al. 
(2013) 
62 kWh/kg  24 kWh kg
-1 
DM: 
10 kWh as biodiesel 
14 kWh as methane 
-Converted from MJ kg
-1
 
-Comprehensive upstream and 
downstream energy demand 
included 
Razon and Tan 
(2011) 
NR 26.7 – 50.8 kJ g-1 VS -Energetic content, not 
experimental results 
Collet et al. 
(2011) 
Biogas production without lipid extraction 
Calculated 
energy demand 
Calculated energy yield Notes Reference 
195 kWh ha
-1
d
-1
 
(1.02 – 0.65 kWh 
kg
-1 
DM) 
382 – 601 kWh ha-1d-1 
(1.99 kWh kg
-1 
DM): 
180 – 283 kWh electricity 
202 – 318 kWh heat 
-Based on 192 – 301 kgDM ha-1d-1 
-Assumes no energy demand for 
CO2 or nutrients 
Zamalloa et al. 
(2011) 
NR 23 – 33.1 kJ g-1 VS -Energetic content, not 
experimental results 
Collet et al. 
(2011) 
ME = methyl esters; STP = standard temperature and pressure; DM = dry weight; NR = not reported; VS = 
volatile solids 
 
In relation to carbon sequestration, a coupled system for biodiesel and biogas production can 
achieve 50% of carbon recycling, leading to enhanced carbon efficiencies and economic benefits. 
This is because the other 50% of carbon is removed with the lipids that are used for biodiesel 
production (Zhu, 2014). This would equate to a reduction of the cultivation costs by 4% and a 
further 3.6% if methane were used for electricity generation in a closed looped system for biodiesel 
and biogas production. Even a reduction in CO2 usage of 10% could achieve cost reductions greater 
than those achieved by a complete recycling of potassium, phosphate, and nitrogen (Richardson et 
al., 2014). 
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Of the processes involved in microalgal production systems, harvesting is one of the most energy 
and cost intensive (Slade and Bauen, 2013). Cost-effective primary dewatering can be achieved by 
settling or flocculation, but this is species dependent and the addition of flocculants adds more costs 
and may inhibit anaerobic digestion (Gossett et al., 1978). Secondary dewatering usually requires 
the use of machinery such as a centrifuge, rotary press, or belt filter, which carry a very high capital 
expenditure and require a prohibitively large amount of electricity to run (Sapci and Morken, 2014, 
Harun et al., 2011b). The highest improvement that could be made to the dewatering process would 
be adopting an adequate wet oil extraction technique (Ghasemi Naghdi et al., 2016). Since wet 
algae sludge is appropriate for anaerobic digestion, this would reduce dewatering for the whole 
system to a case of merely settling, improving energy balances and reducing production costs 
(Razon and Tan, 2011, Lardon et al., 2009).  
 
 
Figure 2. Flow diagram of nutrient allocations based on a 100 ha microalgae farm used to produce 
biogas described by Collet et al. (2011). The model is based on a daily productivity of 25 t C. vulgaris d
-1
 
and 72% and 42% of nitrogen and phosphorous recovery are assumed. 
 
8. Conclusions 
 
An integrated microalgae system for biodiesel and biogas production is a promising alternative for 
reducing costly inputs and energy intensive processes, increasing the overall efficiency and the cost-
effectiveness of biofuel generation technologies. Through anaerobic digestion, nutrients, CO2 and 
energy are recycled, resulting in a closed loop for biofuel production which maximizes the 
generation of energy through biomass transformation, while significantly reducing production costs. 
The by-products of biodiesel and biogas production are valuable inputs for algae cultivation and 
anaerobic digestion, which substantially minimizes economic and energy demands. In order to 
optimize the process, it is important to choose species with high lipid and protein contents, gravity-
assisted settling abilities, as well as thin cell walls that facilitate lipid extraction and algae 
biodegradability. Some of the described pre-treatments significantly improve the digestibility by 
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breaking the cells, which facilitates lipid extraction and anaerobic digestion. When comparing the 
pre-treatments, it appears that thermal treatment can be easily incorporated by the simple use of a 
solar hot water system. Alternatively, the use of osmotic shock could be possible if rain water is 
collected in sufficient amounts. Besides, pre-treatments can improve percentages of nutrient 
mineralization which in general are too low to guarantee a complete efficiency of the closed 
nutrient loop. Because a high percentage of phosphorous is immobilized in biosolids, it is important 
to prevent pH increases higher than 8 in order to avoid struvite precipitation. Similarly, 
methanogenesis is pH sensitive. Additionally, mechanical disruption of digestate can help to 
increase available nutrients in the liquid phase for further microalgae growth. Finally, for minimal 
cost on harvesting and dewatering processes, it is suggested harvesting by sedimentation and lipid 
extraction on wet biomass. 
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CHAPTER 2: Biogas production coupled to repeat microalgae cultivation using a closed 
nutrient loop 
 
 
 
Overview 
 
In this chapter, a basic route of the closed nutrient loop proposed in chapter 1 is explored, without 
pre-treatment and lipid extraction. The methane production potential of the species Scenedesmus 
dimorphus was evaluated under continuous conditions in a 10 L bioreactor and the collected 
effluent was evaluated as a culture medium for the species. S. dimorphus was chosen at the time of 
experimentation because this species is amenable to large-scale cultivation (high growth rates and 
population densities) where it can be easily harvested by pH-induced flocculation and settling. To 
assess the scalability of the system, the digestate was used directly as culture medium without 
sterilization, therefore, nutrient consumption during algae cultivation was affected by the 
indigenous bacteria in the digestate. The results reveal an interesting potential of this species for the 
application of a closed nutrient loop if a suitable pre-treatment is applied.  
 
 
 
 
 
Highlights 
 
• A closed nutrient loop for microalgal biogas and biomass production was developed. 
• Up to 199 mL methane g−1 VS was achieved without any pre-treatment of algal feed. 
• Nutrient-rich digestate was effectively recycled for repeat algal biomass production. 
• 36× dilution of liquid digestate achieved best results, superior to inorganic medium. 
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Abstract  
Anaerobic digestion is an established technology to produce renewable energy as methane-rich 
biogas for which microalgae are a suitable substrate. Besides biogas production, anaerobic digestion 
of microalgae generates an effluent rich in nutrients, so-called digestate, that can be used as a 
growth medium for microalgal cultures, with the potential for a closed nutrient loop and sustainable 
bioenergy facility. In this study, the methane potential and nutrient mobilization of the microalga 
Scenedemus dimorphus was evaluated under continuous conditions. The suitability of using the 
digestate as culture medium was also evaluated. The results show that S. dimorphus is a suitable 
substrate for anaerobic digestion with an average methane yield of 199 mL g
-1
 VS. The low level of 
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phosphorus in digestate did not limit algae growth when used as culture medium. The potential of 
liquid digestate as a superior culture medium rather than inorganic medium was demonstrated.  
 
Keywords: Anaerobic digestion; biorefinery; microalgal cultivation; microalgae; nutrient recycling 
 
1. Introduction 
The increased interest in the widespread adoption of cleaner alternatives to fossil fuels has driven 
the development and implementation of biofuel production (Correa et al., 2017). Anaerobic 
digestion (AD) has been widely implemented as a cost-effective technology to treat organic wastes 
and simultaneously produce renewable energy in the form of methane-rich biogas (Chen et al., 
2008). 
AD is a complex biochemical process which, in an oxygen-free environment, decomposes complex 
organic substances into simple compounds like methane and carbon dioxide (Kwietniewska and 
Tys, 2014, Ziemiński and Frąc, 2014). Studies on microalgae as feedstock for AD have shown 
comparable methane yields to other substrates such as sewage sludge and manures (Dębowski et al., 
2013, Bohutskyi and Bouwer, 2013). Several microalgal species (e.g. Isochrysis spp., Scenedesmus 
spp.) have reported methane yields around 400 mL CH4 g
-1 
VS (Tartakovsky et al., 2013, González-
González et al., 2018). Furthermore, an improvement of methane production has been demonstrated 
when an adequate pre-treatment is applied (Keymer et al., 2013, Schwede et al., 2013, Passos et al., 
2013b).  
AD of microalgae is particularly interesting when considering the potential to release and recycle 
nutrients to support microalgal growth (González-González et al., 2018). If used for biofuel 
production, such a system could be considered a ‘solar power plant producing fuel’. The 
mineralization of nutrients during the degradation of organic matter generates an effluent rich in 
ammonium and phosphate (also known as digestate) that can partially or totally replace commercial 
culture media. This may significantly reduce microalgae production cost and a more sustainable 
biogas production (Möller and Müller, 2012, Uggetti et al., 2014).  
The feasibility of using AD digestate nutrients to support microalgal growth has been proven by 
several studies (Cicci and Bravi, 2014, Cai et al., 2013). However, only a few studies researched the 
development of an integrated loop of microalgal AD and nutrient recycling to support microalgal 
growth (González-González et al., 2018) and most of the studies evaluated algal growth on 
digestates from other substrates  (Budiyono et al., 2014, Cicci and Bravi, 2014, Franchino et al., 
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2013). However, the efficiency and advantages of a unified system for microalgae cultivation and 
anaerobic digestion has been demonstrated for a few studies (Sforza et al., 2017, De Schamphelaire 
and Verstraete, 2009). 
As nutrient recycling is a suitable way to optimize biogas production by lowering production cost, it 
is essential to understand how the flow of nitrogen and phosphorous occurs inside the system. 
However, to date there is little knowledge related to mobilization of nutrients through anaerobic 
digestion of microalgae. Most of the studies on anaerobic digestion of other substrates generally 
show a high efficiency of nitrogen removal (60%-80%) while most of the phosphorous remain 
trapped in the solid phase (Zhang et al., 2014, Mehta and Batstone, 2013).  
The aim of this study was to evaluate the feasibility of a closed loop integrating microalgae 
anaerobic digestion and cultivation since the literature lacks a study that integrates both processes in 
the same system and using the same microalgal species. In this study, the anaerobic digestion of S. 
dimorphus NT8c was evaluated in a continuous stirred tank reactor of 10 L where, among others, 
biogas production and nutrient mobilization were monitored.  The fertilizer potential of the 
digestate for repeat algae growth was evaluated to assess the opportunities and obstacles of a closed 
system nutrient loop.  
2.  Materials and Methods 
 
2.1. Microalgal biomass cultivation and preparation 
 
Microalgal sludge was obtained from the Algae Energy Farm of the University of Queensland 
located in Pinjarra Hills, Brisbane (Australia). The harvested strain Scenedesmus dimorphus NT8c, 
(Duong et al., 2015) was cultivated in 180 m
2
 raceway ponds, 15 cm depth (27,000 L) to a total 
solids (TS) concentration of around 0.3 - 0.5 g TS L
-1
. Nutrients were derived from fertilizers in the 
following concentrations: ammonium sulphate (3 mM), mono-ammonium phosphate (0.2 mM), 
magnesium chloride (0.2 mM), Aquasonic Ocean Nature sea salt 10 g/1000 L, chelated iron 1 
g/1000 L, Rapisol Mi6 micronutrients (1 g/1000 L). Pond pH was adjusted to 9 with potassium 
hydroxide and 100% CO2 was automatically added to the pond when pH increased above 9. 
Ammonia and phosphate levels were measured every 2-3 days and nutrients were added to the pond 
when the nutrient level was around half of the initial concentration. Approximately 10% of the pond 
was harvested daily through a Jameson cell which concentrated the microalgae from 0.3-0.5 g TS L
-
1
 to 20-30 g TS L
-1
. The algal slurry was then stabilized for flocculation using HCl to drop the pH 
from 9 down to 3. After overnight settling in a Vee-shaped pond the top two thirds of water were 
removed leaving a solids content of 60-90 g TS L
-1
. Microalgae batches were stored at 4°C until 
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use. Prior to use, the top portion of the water was removed, leaving a final biomass content at 
around 70 g TS L
-1
. 
 
2.2. Reactor design and set-up 
Anaerobic digestion of microalgal biomass was carried out in a mesophilic continuous stirred tank 
(CSTR) digester with a working volume of 10 L. The digester was operated at 35°C and solids 
retention time (SRT) of 20 days. The digester content was intermittently mixed (45 min each hour) 
by a 4-blade stirrer connected to an overhead stirrer. The reactor was initially inoculated with 
digestate (20 g VS L
-1
) from a wastewater treatment plant anaerobic digester treating a mixture of 
primary sludge and waste activated sludge at 35°C and an SRT of 23 days. The digester was always 
fed with microalgal biomass; however, operation during the first 3 SRT was considered the start-up 
period (data not shown). After the start-up, the reactor was operated under steady-state conditions 
for another 3 SRT (60 days) which allowed to collect reliable reactor performance data and enough 
digestate to perform the growth trials. Digester feedstock was prepared once per week by diluting 
with distilled water the harvested microalgal biomass to 40 g VS L
-1
 and adjusting the pH to 7 with 
a 4 M NaOH solution. The feedstock was stored at 4°C to avoid uncontrolled microalgae 
degradation. The digester was automatically fed and drawn four times per day with a total of 500 
mL. The average organic loading rate (OLR) of the digester was 1.7 g VS L
-1
 d
-1
.  Biogas 
production was measured using a tipping bucket gas meter. Biogas composition was determined by 
a Shimadzu GC-2014 gas chromatograph. Biogas and methane production are reported at standard 
temperature and pressure (0°C and 1 bar). 
 
2.3. Chemical analyses 
Analyses of the total fraction were performed directly on the raw samples. For analyses of the 
soluble fraction, samples were centrifuged at 2,500 x g for 5 min and the supernatant filtered 
through a 0.45 µm PES Millipore
®
 filter. TS and VS were measured according to standard method 
procedures 2540G (Franson et al., 2005). Total and soluble chemical oxygen demand (tCOD, 
sCOD), were measured using a Merck COD Spectroquant® test kit (range 0.5 – 10 g L-1 and range 
25 – 1500 mg L-1, respectively) and a Move 100 colorimeter (Merck, Germany). Total Kjeldahl 
nitrogen (TKN), total phosphorus (TP), ammoniacal nitrogen (NH4-N), and phosphate (PO4-P) were 
measured using a LachatQuik-Chem 8500 Flow Injection Analyser following the manufacturer’s 
protocol (Lachat Instrument, US). Biogas composition (CH4, CO2 and H2) was determined using a 
Shimadzu GC-2014 gas chromatograph equipped with a Valco GC valve (1 mL sample loop), a 
HAYESEP Q 80/100 packed column (2.4 m length; 1/800 outside diameter, 2 mm inner diameter) 
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and a thermal conductivity detector (TCD). The chromatograph injector, oven and detector 
temperatures were set at 75, 45 and 100°C, respectively, and 28 mL min
-1
 of Argon at 135.7 kPa 
was used as a carrier gas (Astals et al., 2015). 
 
2.4. Algal growth trials using digestate from the lab-scale reactor  
The centrate (also known as supernatant) of the anaerobic digester effluent was obtained by 
centrifugation at 4,000 x g for 10 min. Algal growth was evaluated in three different dilutions (20, 
36 and 90 times diluted) of the liquid digestate by dilution with tap water. Two commercial media 
were used as controls: Bold’s Basal medium (BBM) in its original formula (Andersen, 2005) and 
BBM modified with ammonium as nitrogen source. NH4-N and PO4-P concentrations at different 
digestate dilutions for each treatment are shown in Table 1. S. dimorphus culture was inoculated in 
exponential phase (1.3 x 10
7
 cell mL
-1
) in batch cultures of 200 mL at 10% concentration (v/v) 
reaching an initial cell density of around 1.3 x 10
6
 cell mL
-1
. The cultures were maintained at 28°C, 
artificial illumination with fluorescent lamps at a luminous intensity of 300 E m-2 s-1 and a 
light:dark regime of 16:8 h.
 
An aeration system with 0.22 µm filters maintained cultures in 
continuous agitation. Cell density was tested every day. Algal growth rate was determined based on 
the exponential phase for each treatment according to the formula below (see section 2.5). The 
results are presented as means of the triplicates along with standard error.  
Table 1. Ammonium-derived nitrogen and phosphate-derived phosphorus concentrations at different 
digestate dilutions. 
Nutrient 
concentration  
(mg L
-1
) 
20x dilution 36x dilution 90 xdilution 
Synthetic  
BBM-NO3 
Synthetic  
BBM-NH4 
N (from NH4
+
) 76.18 42.32 16.93 41.18 40.01 
P (from PO4
3-
) 9.7 5.39 2.16 53.21 53.21 
N/P 8 8 8 1 1 
 
 
2.5. Calculation methods 
Nutrient balance and degraded biomass were calculated according with the formulas below   
Nitrogen mineralization =
(NH4 − N)out  −  (NH4 − N)in
TKNin −  (NH4 − N)in
 x 100 
 
      Phosphorous mineralization =
(PO4 − P)out  − (PO4 − P)in
TPin  −  (PO4 − P)in
 x 100 
61 
 
 
Where TKNin, TPin, (NH4-N)in and (PO4-P)in correspond to the total nitrogen, total phosphorous, 
nitrogen as ammonium and phosphorous as phosphate, respectively, that go into the system 
(influent). TKNout, TPout, (NH4-N)out and (PO4-P)out correspond to the same molecules that go out of 
the system (effluent). 
 
                       Degraded microalgae =
VSin−VSout
VSin
 x 100  
 
 Where VSin and VSout correspond to the amount of volatile solids that go in and out of the system 
(influent and effluent, respectively). The same equation was also used with tCOD. 
The algal growth rate was calculated during exponential phase according with the formula: 
   𝜇 = ln (N2/N1)/(t2 − t1) 
Where N1 and N2 are the cell concentrations at time 1 (t1) and time 2 (t2), respectively. 
 
2.6. Statistical analysis 
Growth trials data were first analyzed by one-way ANOVA and then by LSD post hoc analysis. 
Both analyses were set at P <0.05. All statistical analyses were performed with the Statistica 10 
software (Tibco Statistica, Palo Alto, CA) 
 
3.  Results and Discussion  
 
3.1. Anaerobic digestion performance 
 3.1.1. Degradation of microalgal biomass 
Performance data from the lab-scale anaerobic digester treating S. dimorphus, collected after the 
start-up period are shown in Fig. 1, with a detailed summary of results presented in Table 2. The 
results show an average VS and COD removal of 28±9% and 35±8%, respectively. These values 
are slightly lower than the previously reported studies carried out under similar conditions. Varel et 
al. (1988) reported a 40% of COD removal during the digestion of Spirulina maxima in a semi-
continuous stirred-tank reactor at 35°C under 12 days SRT. For the same species, Samson and 
Leduy (1982) reported a VS reduction of 66% at 35°C and 33 days SRT. The anaerobic digestion of 
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the genus Scenedesmus reached a VS removal of 54% when a mixture of Scenedesmus sp. (80%) 
and Chlorella sp. (20%) was treated at 50°C and a SRT of 30 days (Golueke et al., 1957). The 
anaerobic digestion of Chlorella vulgaris at a 35°C and 28 days SRT resulted in a COD removal of 
51% (Ras et al., 2011). 
 
The results presented in this study could be explained by the low biodegradability of the cells and 
the shorter SRT. For instance, the higher percentage of VS reduction reported by (Golueke et al., 
1957) corresponds to a SRT of 30 days and a higher temperature. Besides, analysis under the 
microscope of effluent samples revealed the incomplete digestibility of the algal culture studied, 
since several algal cells were observed without apparent damage of their cell wall. Some studies 
have reported low digestibility of microalgal substrates because of the thick cell wall (Mussgnug et 
al., 2010). The species of the genus Scenedesmus have a rigid cell wall composed of three layers 
with a sporopollenin-like biopolymer in the outer cell wall which give them a high resistance 
against chemical and biological agents (Burczyk and Dworzanski, 1988). These results suggest the 
necessity of using a pre-treatment on the microalgal sludge to disrupt the cells before digestion. 
Biogas production through the experimental period was 312 mL biogas g
-1
 VS fed with methane 
production of 199 mL CH4 g
-1 
VS fed. This corresponds to a methane yield of 711 mL CH4 g
-1
 VS 
destroyed. These results are consistent with other studies with microalgal AD and represent a good 
output considering the low biodegradability of the biomass. The overall average of methane yields 
from anaerobic digestion of microalgae ranges from 140 mL CH4 g
-1 
VS up to 408 mL CH4 g
-1 
VS 
(González-González et al., 2018). However, most of the studies have been done with biomethane 
potential (BMP) tests which report the ultimate methane yield (Guendouz et al., 2008). The 
methane yield in CSTRs depends on the algae ultimate methane yield, degradation kinetics and 
SRT.  
 
The results of this study show a satisfactory efficiency of the process, though lower than some 
described in the literature for bioreactors. The maximum methane yield in CSTR systems has been 
reported for the anaerobic digestion of Tetraselmis sp. which produced 310 mL CH4 g
-1
 VS in a 
bioreactor operated at 35°C with an OLR of 2 g VS L
-1
 d
-1
 (Marzano et al., 1982). Studies carried 
out with Scenedesmus in CSTR or BMP test showed that this genus has a relatively low methane 
yield (143 and 210 mL CH4 g
-1
 VS) when compared to other microalgae. This is likely due to 
Scenedesmus’ thick cell wall (Mussgnug et al., 2010, Yen and Brune, 2007). However, Frigon et al. 
(2013) and Yang et al. (2011) reported methane yields close to 400 mL CH4 g
-1
 VS for 
Scenedesmus dimorphus microalgae. These results indicate that S. dimorphus could be a promising 
species for biogas production if the biomass is pre-treated before digestion (Passos et al., 2014) and 
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therefore the methane yield may increase considerably. For instance, González-Fernández et al. 
(2012a) described an increase on Scenedesmus biomass biodegradability by applying ultrasound  
 
 
 
Figure 1. Key operation results from lab-scale anaerobic digestion of Scenedesmus dimorphus at 35°C 
and 20 days solids retention time.  
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and thermal pre-treatment, which had a positive effect on biogas production. With an energy of 
128.9 MJ kg
-1
the biodegradability reached 44%, while 37% was reported with a temperature of 
80°C. The same authors reported 48% of Scenedesmus biodegradability after a water bath of 3 h at 
90°C (González-Fernández et al., 2012b). According to these results, an important improvement on 
biogas production can be predicted if applying a suitable treatment to Scenedesmus dimorphus. 
With a VS reduction of 48% (assuming similar results to those reported above with thermal pre-
treatment), the methane yield could increase up to 340 mL g VS
-1
 fed if all the operational 
conditions of the digester are maintained. If reaching these results, this species would be a very 
good target for biogas production at a large scale based on its high growth rates, high population 
densities in open ponds and ease of harvesting by auto-settling (Duong et al., 2015). At large scale, 
1 kg of harvested and pre-treated biomass with the same VS of the present study could produce 
around 11.6 L CH4. 
 
 
Table 2. Composition of influent (feed) from concentrated algae sludge after harvesting and effluent 
after anaerobic digestion.  
 
  
 
pH 
TS 
(g Kg
-1
) 
VS 
(g Kg
-1
) 
tCOD 
(g Kg
-1
) 
TKN 
(mg L
-1
) 
NH4-N 
(mg L
-1
) 
TP 
(mg L
-1
) 
PO4-P 
(mg L
-1
) 
 
Min 6.3 35.2 30.8 61.6 3492.6 1062.1 436.5 200.9 
Digester 
Feed 
Average 6.6 39.5 34.1 65.7 3879.2 1172.0 500.4 233.7 
 
Max 6.9 44.2 37.3 72.4 4223.7 1277.6 672.0 260.5 
 
Min 7.5 27.9 21.1 37.7 3082.3 1247.5 341.0 19.4 
Digester 
Effluent 
Average 7.7 31.6 24.5 42.3 3656.1 1424.8 462.3 111.4 
 
Max 7.8 45.2 26.6 47.1 4727.3 1548.1 846.5 158.3 
TS = Total Solids, VS = Volatile Solids, tCOD = Total Chemical Oxygen Demand, TKN = Total Kjeldahl 
Nitrogen, NH4-N = Nitrogen from NH4
+
, TP = Total Phosphorous, PO4-P = Phosphorous from PO4
3-
 
 
 3.1.2. Nutrient balance  
 
The mobilization of nutrients from feed after algae harvesting and during digestion is shown in Fig 
2. Through harvesting, nitrogen and phosphorus concentrations increased substantially; nitrogen 
concentration (1172 mg NH4-N L
-1
) was on average 14 times higher than the peak nutrient loading, 
while phosphorus (234 mg PO4-P L
-1
) was 38 times higher.  
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Phosphorus concentration is strongly related to pH changes. As the initial pH in the pond was 
around 9, phosphorus could be concentrated as calcium or magnesium precipitates, as high pH 
levels lead to the formation of insoluble precipitates (Nelson et al., 2003, Diaz et al., 1994). Once 
the pH is lowered during harvesting, the phosphorus is liberated and concentrated. On the other 
hand, the higher levels of nitrogen may be attributed to internal stores of dissolved nutrients being 
released from the algae once they were harvested and stored (Dortch et al., 1984). Nitrogen 
concentration increases could be also due to the dissolution of struvite at low pH. During 
harvesting, the algae were concentrated up to 100-fold, which in turn would concentrate the 
dissolved nutrient level once internal stores were released back to the media.  
 
 
Figure 2. Nitrogen and phosphorous mobilization after large-scale outdoor Scenedesmus dimorphus 
culture harvesting and after anaerobic digestion of the concentrated biomass. Shown are mean values 
±SEs from 17-27 measurements over 60 days. 
 
Nitrogen mobilization in digestion is more efficient than phosphorus. Ammonium levels in the 
effluent always were higher than influent levels. However, nitrogen mineralization was on average 
of 9% (Fig. 3). The mineralization was low considering the high protein content of algal cells 
(Becker, 2007). On average, 40 mg of ammonium-N per g of VS destroyed were released into the 
digestion medium. Considering the low biodegradability of S. dimorphus cells, ammonium 
concentrations on digestate could be even higher if pre-treatment of algal sludge before digestion 
was employed. Around 61% of total nitrogen in the digestate of this study was retained in the solid 
phase.  
Conversely, phosphorous release during the digestion process was not available since negative 
mineralization values were obtained for phosphorous, just 48% of the soluble phosphorus that went 
into the system was liberated as soluble phosphorus (Fig. 3). Besides, although 92% of the total 
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phosphorous was liberated, 76% remained immobilized in the solid phase of digestate which is 
inadequate for algae cultivation (Zhang et al., 2014). It has been shown that a low percentage of 
phosphorous liberated after anaerobic digestion is available in the liquid phase due to phosphorus’ 
ability to form particulate-bound solids as dicalcium phosphate, newberyite or struvite which 
increases P stability on the solid phase and limits P solubility (Güngör and Karthikeyan, 2008).  
 
Figure 3. Percentage of nitrogen and phosphorous mineralization during anaerobic digestion of 
concentrated Scenedesmus dimorphus from large-scale outdoor cultivation. 
 
 
3.2. Digester effluent characterization and its potential as a fertilizer 
The collected digestate of two months of anaerobic digestion of S. dimorphus was characterized in 
order to evaluate its potential as fertilizer for future algae growth (Table 3). Nitrogen and 
phosphorus values on digestate were high enough to supply nutrient requirements for algae growth 
by diluting digestate with tap water to reach comparable concentrations as otherwise supplied by 
BBM medium. Despite the low mobilization of phosphorous as most of it remained in the solid 
phase of digestate, the concentration (6 mM) was even higher than in commercial medium (0.02–3 
mM) (Andersen, 2005) which suggests the suitability of this effluent as algal growth medium. 
Besides, all the soluble nitrogen in the effluent was in the form of ammonium, which is an 
advantage for algal cultivation. Nitrogen is preferentially accepted into the metabolic pathways of 
microalgae as ammonium because nitrate assimilation requires the conversion of nitrate to nitrite 
and then to ammonium by four steps of reduction that requires energy (Sze, 1998).  
 
-100%
-80%
-60%
-40%
-20%
0%
20%
 -  10  20  30  40  50  60
Fr
ac
ti
o
n
 m
in
er
al
iz
ed
(%
) 
Time in Operation (days) 
Nitrogen Phosphorous
67 
 
Table 3. Composition of the digestate used as culture medium for repeat algae growth. 
Digester effluent composition 
pH 8.1 
TS (g kg
-1
) 27.3 
VS (g kg
-1
) 23.7 
tCOD (g kg
-1
) 40.1 
sCOD (g kg
-1
) 1.8 
TKN (mg L
-1
) 3433.2 
TP (mg L
-1
) 392.2 
NO3-N (mg L
-1
) 12.0 
NH4-N (mg L
-1
) 1598.2 
PO4-P (mg L
-1
) 188.9 
sCOD = Soluble Chemical Oxygen Demand 
 
 
3.3. Algal growth in digestate: Towards a sustainable closed loop of biogas and biomass 
production 
Microalgal growth was evaluated at different concentrations of the liquid phase of the digester 
effluent and compared with synthetic BBM medium with nitrate and ammonium as nitrogen 
sources. The results show that the S. dimorphus NT8c reached the biggest population in BBM 
medium with nitrate as nitrogen source. However, the growth rate was the lowest with this medium, 
which indicates the initial preference of ammonium as nitrogen source by algae. On the other hand, 
algal growth on digestate showed a more consistent growth, higher growth rates and final 
populations relatively similar to those reached with commercial medium (Fig. 4). All the cultures 
showed similar growth in relation with control media. The 36-fold dilution of digestate exhibited 
the highest growth rate and it seems to be the best for algal growth as it had the same concentration 
of nitrogen than the commercial medium (Table 1). The results are similar to those reported by 
Prajapati et al. (2014) where a better growth was described for Chroococcus sp. in algal digestate 
diluted 30% with tap water. Although the statistical test did not show significant differences 
between treatments, it can be concluded from the results observed in Fig 4, that algal digestate is a 
suitable culture medium.   
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Figure 4. Main results from growth trials with liquid digestate. (A) Growth curve through experimental 
time. (B) Growth rate. (C) Final population. Different lower case letters indicate significant differences ((B) 
F4,10 = 291.3; p = 0.001 (C) F4,10 = 71.0; p = 0.001). Data are shown as mean values ± SEs of three separately-
grown cultures on different dilutions of digestate compared to BBM medium with either NO3
-
 or NH4
+
 as a 
nitrogen source. Inorganic N and P concentrations of digestate are shown in Table 1.  
 
 
The use of liquid digestate from different feedstocks has been widely studied for algae growth 
(Mayers et al., 2017, Budiyono et al., 2014, Ji et al., 2014, Bjornsson et al., 2013), with a general 
consensus on the promising potential of liquid digestate as culture medium for algae growth. 
However, there are only a few studies orientated towards a closed loop with microalgae by using 
microalgal digestate. The advantages as culture medium of algal digestate against digestates from 
other feedstocks were demonstrated by Bjornsson et al. (2013) due to the high levels of magnesium 
in algal digestates which is an essential macronutrient for microalgae, as it is a main component of 
chlorophyll molecules. Xinyi et al. (2016) proved the potential of algal digestate to support algal 
growth with nutrient replenishment that could be recycled for cultivation up to four times. One of 
the few studies focused on an integrated closed loop has been reported by De Schamphelaire and 
Verstraete (2009). The study showed the viability of a closed energy production system where 
microalgae were continuously cultivated with the effluent generated by the anaerobic digestion of 
the same culture. The system reached algal productivities of 24-30 tons VS ha
-1
 year
-1
 which can 
produce 500 L biogas kg algal VS
-1
. Recently, Sforza et al. (2017) explored the potential of a closed 
loop with lipid extracted algal biomass as substrate for anaerobic digestion and posterior use of the 
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liquid phase of the digestate as a culture medium for the same species. The results revealed the 
feasibility of the system although the researchers suggest further improvements of methane 
production by pre-treating the biomass. Besides, a low content of soluble phosphorous was reported 
which necessitated using sodium bicarbonate to solubilize the precipitated phosphorus into the 
liquid digestate medium to reach an optimal algal growth. Conversely, in the present study, soluble 
phosphorous in the digestate was high enough to support algal growth without the addition of any 
further supplement. Although the N/P ratio of the digestate was high (8) compared to the 
commercial medium (1) there was not a significant effect on the growth rate of the species. In this 
case, supplementation with phosphorous would increase the cost of production which probably 
would not be compensated by a significant increase in the growth rate. These results confirm the 
high potential of algal digestate as fertilizer and the possibility to avoid the use of commercial 
fertilizers in order to reduce production costs. By recycling the nutrients through anaerobic 
digestion, an integrated system of biogas production using digester effluent as nutrient source for 
algal growth may present a sustainable alternative to traditional fossil fuels. Implementing a 
biomass pre-treatment prior to digestion is likely to enhance the cell wall biodegradability of S. 
dimorphus and possibly higher methane yields.  By doing this, not only biogas yield could improve, 
but also nutrients content on digestate could increase with the release of intracellular nutrients.  
 
4. Conclusions  
Scenedemus dimorphus has shown a promising potential for the biofuels industry achieving a 
significant methane yield through anaerobic digestion without any pre-treatment. Despite the high 
percentage (76%) of phosphorous that remained immobilized in the solid phase, nutrient 
concentrations in the liquid phase of the digester effluent were high enough to be used as fertilizer 
for repeat algal growth. The best growth was reported with 36x dilution which was superior to 
commercial medium. The understanding of nutrients mobilization during algae cultivation deserves 
further research for better optimization of the system. Additionally, future work may focus on using 
pre-treated or defatted biomass as part of a biorefinery concept where biodiesel/valuable oil and 
biogas can be produced simultaneously while recycling nutrients.  
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Chapter 3: Impact of osmotic shock pre-treatment on microalgae lipid extraction and 
subsequent methane production 
 
Overview 
In this chapter, a further step in the development of a sustainable closed loop is evaluated. The 
results from chapter two suggest that the implementation of an effective pre-treatment is key in the 
optimization of the system. In order to integrate biodiesel production to the studied system, it is 
necessary to apply an effective pre-treatment for lipids removal, which at the same time will help to 
enhance the digestibility of the remaining biomass. For this purpose, osmotic shock has been 
selected as pre-treatment for wet lipid extraction through a novel solvent-free methodology. 
Although S. dimorphus showed a high potential of methane production and is easily cultivated at 
large scale, an osmotic shock with this species would increase significantly the salinity of the 
biomass to digest, which could inhibit the digestion process. Therefore, the marine species 
Dunaliella salina and Chaetoceros muelleri were chosen based on their high salinity tolerance, their 
fragile cell wall and their facility to be cultivated at large scale. Besides, the methane potential of 
the lipid extracted biomass was evaluated through biomethane potential (BMP) tests. According to 
these results, C. muelleri was selected as the most suitable species for a complete closed nutrient 
loop design for biogas and biodiesel production explored in chapters 4 and 5.  
 
Highlights 
 
 Osmotic shock is a promising sustainable method for microalgae lipid extraction 
 Osmotic shock pre-treatment efficiently extracted lipids from Chaetoceros muelleri 
  Osmotic shock pre-treatment was not suitable for Dunaliella salina 
 D. salina and C. muelleri  revealed a high potential for biogas production 
 C. muelleri is a suitable microalga for an integrated biofuels production system 
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Abstract 
 
This study evaluated osmotic shock pre-treatment, a novel solvent-free wet lipid extraction method, 
on two lipid-rich microalgal species (Dunaliella salina and Chaetoceros muelleri). The biogas 
potential of the lipid-spent microalgae was evaluated to assess the suitability of an integrated system 
of biodiesel and biogas production. The obtained results revealed the high potential of the diatom C. 
muelleri for biofuels production when silica starvation is applied at the final stages of the cultures. 
The osmotic shock had a higher impact on C. muelleri than on D. salina, with a lipid recovery 
efficiency of 72% and 21% respectively. Besides the high percentage of lipids recovered with this 
method for C. muelleri, the lipid-spent biomass showed ones of the highest methane yields ever 
reported for microalgae, 484 mL CH4 g VS
-1
. Overall, these results indicate that C. muelleri could 
be a target species for combined biodiesel and biogas biorefinery. 
 
 Keywords: Anaerobic digestion; microalgae; lipid extraction; biofuels; osmotic shock 
 
1. Introduction 
Microalgae-based biodiesel is an alternative to counteract the environmental impacts of first-
generation biofuels (Correa et al., 2017). However, microalgal biodiesel production has technical 
and commercial constraints that difficult its full-scale implementation (de Boer et al., 2012). The 
integration of biodiesel production and anaerobic digestion has been suggested as a sustainable 
scheme for a microalgae-based biorefinery since it maximizes energy recovery and enables nutrient 
recycling (Sialve et al., 2009, González-González et al., 2018a). Once lipids are extracted, the 
residual biomass has an energetic value that can be recovered through anaerobic digestion. The use 
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of lipid-spent biomass as feedstock for anaerobic digestion has been studied by several authors 
(Zhao et al., 2014, Bohutskyi et al., 2015a). From an energetic point of view, it has been estimated 
that anaerobic digestion is an optimal strategy if the cell lipid content does not exceed 40% of the 
biomass (Sialve et al., 2009). In such scenario, the integration of biodiesel and methane production 
can generate up to 40% more energy than biodiesel alone (Bohutskyi et al., 2015b). Although there 
are alternative routes for the use of the remaining biomass after oil extraction, like bioethanol and/or 
biohydrogen production (Da Silva et al., 2014), the integration of anaerobic digestion into 
microalgae-based biodiesel production is of great interest since the nutrients (N and P) mobilized 
during anaerobic digestion stage can be recycled for microalgae cultivation avoiding the purchase 
of fertilizers and establishing of a closed production loop (González-González et al., 2018a).  
One of the main bottlenecks of oil extraction is the microalgae drying process since it is energy 
intensive (Uduman et al., 2010). Indeed, the energy produced from the lipids extracted does not 
always compensate the energy consumed by the process (Ghasemi Naghdi et al., 2016a). A wet 
route, which eliminates the drying process, has been proposed to lower the lipid extraction cost 
(Ghasemi Naghdi et al., 2016b). However, wet extraction techniques use organic solvents (e.g. 
chloroform, hexane), which are undesirable for industrial application due to associated risk and cost 
(de Boer et al., 2012). Furthermore, the lipid-spent microalgae can lose its value as food or feed 
products and even as feedstock for anaerobic digestion due to the presence of solvent residues 
which have been reported to inhibit the anaerobic digestion process (Bohutskyi et al., 2015a, Zhao 
et al., 2014). The use of organic solvents requires a rinsing step, which in turn generates additional 
operational costs. Additionally, there is the risk of removal of energy-rich polar molecules such as 
acetic acid, alcohols, and glucose (Uggetti et al., 2014).  
The use of pre-treatments (mechanical, chemical, physical or biological) has been explored to 
facilitate lipid extraction by cell walls rupture (Mercer and Armenta, 2011). In terms of scalability 
and sustainability, low-cost mechanical pre-treatments without the use of organic solvents have 
been proposed as the most suitable alternative to traditional dry extraction (Ghasemi Naghdi et al., 
2016b). For instance, thermal and osmotic shock pre-treatments has been described as low energy-
consuming and cost-effective pre-treatments with potential to be applied at a large scale (Ghasemi 
Naghdi et al., 2016a, Passos et al., 2014). While thermal pre-treatment has been widely studied for 
lipid extraction and/or biogas production (Passos et al., 2014, Ghasemi Naghdi et al., 2014), there 
are few reports on osmotic shock as pre-treatment for lipid extraction (Yoo et al., 2012, Ghasemi 
Naghdi et al., 2016a). Additionally, none of the previous studies have evaluated the methane yield 
of lipid-spent microalgae after osmotic shock pre-treatment, which is needed to assess the potential 
of osmotic shock as lipid extraction method in an integrated biofuel biorefinery. 
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In this study, the potential of osmotic shock pre-treatment as a solvent-free wet lipid extraction 
technique has been explored for Dunaliella salina and Chaetoceros muelleri. These two microalgae 
species were selected due to their ability to accumulate considerable amounts of lipids (Weldy and 
Huesemann, 2007, Ghasemi Naghdi et al., 2016a). The potential of the lipid-spent microalgae as 
feedstock for anaerobic digestion was also evaluated by biomethane potential test. 
 
2. Materials and methods  
 
2.1. Microalgae cultivation 
The microalgal species Chaetoceros muelleri CS-176 and Dunaliella salina CS-265 were provided 
by the CSIRO Algal Culture Collection (Hobart, Tasmania). The species were cultivated in F/2 
medium (Guillard, 1975) with 3% artificial seawater  (Aquasonic, Australia). Silica (0.1mM) 
required for the frustules formation was added to C. muelleri cultures. The cultures were initially 
cultivated in 1 L Erlenmeyer flasks at 28 °C with artificial illumination (fluorescent lamps at a 
photon flux of 300 mol-2s-1). An aeration system equipped with a 0.22 µm PES filter maintained 
cultures under continuous agitation. Microalgae biomass scale-up was done by transferring the 
Erlenmeyer microalgae culture to a 20 L clear polyethylene bags and then to a 120 L polyethylene 
bags at the energy farm located at the University of Queensland Algae Energy Farm (Pinjarra Hills, 
Australia). Using a Weipro pH 2010 controller 100% CO2 was provided as a pH control when the 
pH dropped below 8.0. At the final stage of the culture, no silica was added to C. muelleri culture in 
order to facilitate the rupture of the cells. All the cultures were harvested by centrifugation after 
nitrogen starvation for 1 week to secure high lipids content.  
 
2.2. Osmotic shock pre-treatment 
Harvested C. muelleri and D. salina biomass were pre-treated with osmotic shock to induce cell 
wall rupture and facilitate lipids removal. The concentrated biomass was mixed with different 
volumes of deionized water to evaluate the impact of different biomass:water ratios (1:5, 1:10 and 
1:15) on pre-treatment performance. The ratio with the minimum amount of water that led to a 
significant cell disruption was selected for each species. 
 
 2.3. Solvent-free lipid extraction 
After the osmotic shock, lipids were separated from microalgal residues by centrifugation (4000 g 
for 10 min) and subsequent removal of the lipid-rich supernatant. Lipid concentration was 
determined in the pre-treated microalgal biomass (before centrifugation) and in the supernatant 
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following the Bligh & Dyer method (Bligh and Dyer, 1959). Lipid concentration was determined in 
the pre-treated microalgal biomass (before centrifugation) and in the supernatant following a 
modified Bligh & Dyer method (Bligh & Dyer, 1959). Briefly, 10 mL methanol and 5 mL 
chloroform were added to 8 mL of pre-treated sample and the mixture was vortexed for 4 min. 
Then, 5 mL chloroform were added to the mixture, which was vortexed for another 4 min and 
subsequently centrifuged at 1,000 g for 7 min. Finally, the bottom layer with chloroform and the 
extracted lipids were transferred to a pre-weighed soda glass tube, where the chloroform was 
evaporated using a vacuum desiccator (Ghasemi Naghdi and Schenk, 2015). Lipid concentration in 
the lipid-spent microalgae was estimated by subtracting lipid concentration on the supernatant from 
the initial lipid concentration. 
 
2.4. Biomethane potential tests  
The methane potential of the lipid-spent C. muelleri and D. salina biomass was evaluated through 
biomethane potential (BMP) tests. BMP tests were carried out following Angelidaki et al. (2009) 
and Holliger et al. (2016) guidelines in 160 mL glass serum bottles at mesophilic conditions. All 
tests were prepared with an inoculum to substrate ratio of 2 (volatile solids (VS) basis). Bottles 
were flushed with 99.99% N2 gas for 1 min (4 L min
-1
) and stored in temperature-controlled 
incubators set at 37 °C. A blank test without substrate was used to correct for background methane 
potential of the inoculum. All treatments were performed in triplicates. Biogas volume was 
measured using a manometer at the start of each sampling event. Accumulated volumetric gas 
production was calculated from the pressure increase in the headspace volume and expressed under 
standard conditions (273.15 K, 1 bar). Biogas composition (CH4, CO2, and N2) was determined at 
each sampling event by a Shimadzu GC-2014 gas chromatograph as detailed in Astals et al. (2015). 
 
2.5. Analytical methods 
2.5.1. Cell disruption 
The disruption of the cells was evaluated quantitatively by staining the damaged cells after osmotic 
shock with a stock solution of SYTOX Green 5 mM (Invitrogen, Ltd., UK) in dimethyl sulfoxide 
(DMSO). The fluorescence was measured by a GloMax®-Multi Microplate Multimode Reader at 
485/540 nm excitation/emission wavelengths. The observation of the stained cells was carried out 
with a fluorescence microscope (BX61, Olympus, Japan). 
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2.5.2. Chemical analysis 
Total solids (TS) and VS were measured according to standard methods procedures 2540G 
(Franson et al., 2005). Total chemical oxygen demand (COD) was measured using a Merck COD 
Spectroquant® test kit (range 0.5 – 10 g L-1) and a Move 100 colorimeter (Merck, Germany). Total 
Kjeldahl nitrogen (TKN), total phosphorous (TP), NH4-N and PO4-P were measured by using a 
LachatQuik-Chem 8000 Flow Injection Analyser (Lachat Instrument, Milwaukee) following the 
manufacturers’ protocol. For measurements of NH4-N and PO4-P, the samples were centrifuged at 
2,500 g for 5 min and filtered through a 0.45 µm PES filter. Table 1 shows the chemical 
characterization of the substrates and the inoculum.  
 
Table 1. Chemical characterization of the substrates and inoculum under study 
  Inoculum Chaetoceros muelleri Dunaliella salina 
TS (g Kg
-1
) 27.5 ± 0.15 71.8 ± 0.11 164.2 ± 0.12 
VS (g Kg-
1
) 18.8 ± 0.11 57.2 ± 0.19 158.7 ± 0.07 
COD (g Kg-
1
) 30.2 ± 1.08 113.7 ±  0.90 240.6 ± 0.60 
TKN (mg L
-1
) 2504.2 3118.4 6738.0 
NH4-N (mg L
-1
) 1176.8 55.7 49.8 
TP (mg L
-1
) 464.0 485.0 872.4 
PO4-P (mg L
-1
) 7.9 198.0 381.9 
 
2.5.3. Model description and statistical analysis 
BMP tests were modeled using a first-order equation as described by Jensen et al. (2011). 
Parameters were estimated with 95% confidence intervals. Data were first analyzed by one-way 
ANOVA and then by Tukey’s post-hoc analysis or by Student’s t-test. Both analyses were set at P 
<0.05. All statistical analyses were performed with Statistica 10 software (Tibco Statistica, Palo 
Alto, CA).  
3. Results and discussion 
3.1. Effect of osmotic shock on cell degradability 
The effect of different biomass:water ratios on cell disruption of C. muelleri and D. salina was 
evaluated by a degradability test with SYTOX green stain, where the strongest fluorescent signal 
reveals the highest degradability of the cells. The results show that osmotic shock had a positive 
effect on cell disruption of both species (Figure 1). However, the treatment was more effective on 
C. muelleri when compared to D. salina.  A biomass:water ratio of 1:5 was enough for a significant 
cell disruption on C. muelleri (most of the cells were broken), while for D. salina the cell disruption 
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was partial, even with the highest tested ratio (1:15) (Figures 1 and 2). Dunaliella cells are enclosed 
within a thin plasma membrane instead of a rigid, polysaccharide cell wall (Sadka et al., 1989) 
which should be favorable for an effective osmotic shock. However, this genus has the capacity to 
tolerate a high range of salinity by shrinking or swelling in response to external salinity changes. 
The original cell volume is recovered by internal synthesis or elimination of glycerol to rise an 
intracellular concentration that balances the external salinity (Lee, 2008). This mechanism can 
explain the resistance of the cells to cell disruption. On the other hand, the weakness of C. muelleri 
frustules due to the low concentration of silica may have facilitated C. muelleri cell disruption with 
a small amount of water. This pre-treatment was evaluated in C. muelleri before by Ghasemi 
Naghdi et al. (2016a) at the same ratio biomass:water. However, the authors reported a low 
efficiency of the pre-treatment for significant recovery of lipids. Two things could have helped to 
improve the efficiency of the treatment in our study: (1) the elimination of silica at the final stage of 
the culture and (2) a faster and complete mix of the water with the biomass to generate a stronger 
shock.  
 
Figure 1. Effect of osmotic shock on cell disruption of D. salina and C.muelleri. Different capital letters 
indicate significant differences between treatments, using one-way ANOVA and Tukey’s post hoc analysis 
at P < 0.05.  Lower case letters indicate significant differences between species at P<0.05 by Student’s t-test.  
Whisker lines represent SEs. 
 
According to these results, different biomass:water ratios were selected for each species in order to 
achieve an efficient lipid extraction and facilitate the anaerobic digestion of lipid-spent microalgae. 
Although the lower ratio had a higher effect on cell disruption in C. muelleri compared to 1:15 
ratio, the difference in the amount of required water is large, which reduces the sustainability of the 
system when applied at large scale. Therefore, prior BMP testing, C. muelleri biomass was treated 
with osmotic shock at a ratio of 1:5 while a ratio of 1:15 was chosen for D. salina. 
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Figure 2 illustrates the impact of the osmotic shock on cell integrity for both species after applying 
the biomass:water ratio used for lipids extraction (1:5 for C. muelleri and 1:15 for D. salina). Intact 
cells can be seen in the untreated cultures of both species. However, after osmotic shock, cell walls 
were not well defined, especially for C. muelleri. Under fluorescent field microscopy, red color 
indicates cell integrity, while green color indicates dead cells by cell rupture (SYTOX green stain 
easily penetrates dead cells, but is impermeable to living cells). Figure 2 shows that C. muelleri 
cells were almost completely disrupted, while D. salina cells were only partially disrupted. This 
results further support the first experiments results (see Section 3.1), where osmotic shock had a 
higher impact on C. muelleri than on D. salina. 
 
3.2. Lipid extraction from pre-treated microalgae 
The species chosen for this study have been described for their high potential for lipid production, 
up to 44% of their dry weight for D. salina (Weldy and Huesemann, 2007) and up to 60 % for C. 
muelleri (Reis Batista et al., 2015). Additionally, these species are optimal targets for biodiesel 
production (Islam et al., 2015) based on the fatty acid profile reported in former studies for C. 
muelleri  (Ghasemi Naghdi et al., 2016a) and D. salina (Abd El Baky et al., 2014) with high 
concentration of palmitoleic (C16:1) and oleic acid (C18:1) and a low concentration of 
polyunsaturated fatty acids. In the present study, the harvested C. muelleri and D. salina had a lipid 
concentration of 31% and 22% of dry weight respectively (Figure 3).  
Osmotic shock pre-treatment was more efficient on C. muelleri than on D. salina since it released 
72% and 21% of the microalgae lipid-content, respectively (leaving 28% and 79% of the lipids in 
the remaining biomass; Fig. 3). These results are in agreement with fluorescence analysis, which 
showed that most of the C. muelleri cell walls were broken by osmotic shock (Fig. 2). The lipid 
extraction yield obtained for C. muelleri is among the highest efficiencies reported in the literature 
for studies carried out without organic solvents (Table 2). Therefore, osmotic shock stands as an 
effective solvent-free pre-treatment to release lipids from C. muelleri and avoid the use of 
expensive, flammable and toxic solvents. On the other hand, osmotic shock had a lower impact on 
D. salina since it only released 21% of the microalgae lipid content. Thus, osmotic shock is not a 
suitable pre-treatment for lipid extraction for D. salina, likely due to its osmoregulation capacity. 
Another kind of pre-treatments should be considered for this species to facilitate lipids extraction.  
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Figure 2. Microscopic analyses of untreated and pre-treated biomass of Chaetoceros muelleri and 
Dunaliella salina. (A) Untreated biomass under bright field. (B) Osmotically shocked biomass under bright 
field. (C) Untreated biomass stained with SYTOX green under fluorescent field. (D) Osmotically shocked 
biomass stained with SYTOX green under fluorescent field. 
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Figure 3. Concentration of lipids in Chaetoceros muelleri and Dunaliella salina and percentage of lipids 
extracted by solvent-free extraction. Lower case letters indicate significant differences at P<0.05 by 
Student’s t-test. Whiskers indicate SEs. 
 
 
3.3. Methane production of lipid extracted biomass of C. muelleri and D. salina 
Methane production potential of lipid-spent C. muelleri and D. salina after lipid extraction was 
evaluated by BMP tests (Figure 4). Table 3 shows the calculated parameters from BMP modeling. 
The results show that methane yields values for both species were among the higher ranges 
described in the literature for microalgal species (Table 4) and that the methane yield produced by 
C. muelleri (484 mL CH4 g VS
-1
) was considerably higher than that from D. salina (364 mL CH4 g 
VS
-1
). Reported methane yields from microalgae range between 98 and 557 mL CH4 g VS
-1
 for 
untreated biomass  (Zhao et al., 2014, Klassen et al., 2016, González-González et al., 2018a) and 
between 105 and 571 mL CH4 g VS
-1
 for pre-treated biomass (Klassen et al., 2016, Passos et al., 
2014). The average methane yield from microalgae biomass in the literature is around 300 mL CH4 
g VS
-1
 (González-González et al., 2018a). 
Besides the high methane yield obtained from C. muelleri, to the authors’ knowledge, this is the 
first report of methane production for this genus. Additionally, only a few studies have tested the 
anaerobic digestion of diatoms (Bogen et al., 2013; Zamalloa et al., 2012). It has been suggested 
that microalgal species with thin cell walls are more digestible and suitable as a feedstock for biogas 
production (González-González et al., 2018a), therefore the rigid cell wall made of silica of this
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Table 2. Summary of lipids extraction efficiency with different pre-treatments and extraction methods. 
 
Species Pre-treatment Extraction technique 
Efficiency of 
extraction 
Reference 
Nannochloropsis salina Hydrodynamic cavitation Hexane (DB) 25.9 - 99.0 % Lee and Han (2015) 
Nannochloropsis oceanica Thermal+enzymatic Aqueous surfactants (WB) 88.3 % Chen et al. (2016) 
Nannochloropsis sp.  Untreated Subcritical hexane–ethanol (WB) 88. 2 % Chen et al. (2012) 
Scenedesmus sp. Lysozyme n-hexane (WB) 78.7% Taher et al. (2014) 
Chlorella and Scenedesmus mix Acid and base hydrolysis  Hexane (DB) 77.0 % Sathish et al. (2015) 
Scenedesmus sp. Cellulase n-hexane (WB) 73.0 % Taher et al. (2014) 
Chaetoceros muelleri Osmotic shock Centrifuge (WB) 72.0 % This study 
Nannochloropsis salina Autoclave Hexane (DB) 16.2 - 66.5 % Lee and Han (2015) 
Scenedesmus sp. Lysozyme Supercritical CO2(WB) 59.2 % Taher et al. (2014) 
Nannochloropsis oceanica Lyophilized Hexane (DB) 57.0% Chen et al. (2016) 
Chlorella vulgaris  Ultrasonication Enzyme-assisted aqueous extraction (WB) 49.82 % Liang et al. (2012) 
Scenedesmus sp. Lyophilized Sulfuric acid (DB) 47.4% Taher et al. (2014) 
Scenedesmus dimorphus Ultrasonication Enzyme-assisted aqueous extraction (WB) 46.81 % Liang et al. (2012) 
Scenedesmus sp. Surfactant Hexane/Isopropanol (WB) 32.0 % Lai et al. (2016) 
Nannochloropsis oceanica Enzymatic Aqueous surfactants (WB) 28.8 % Chen et al. (2016) 
Nannochloropsis salina Ultrasonication Hexane (DB) 5.4 - 26.9 % Lee and Han (2015) 
Nannochloropsis oceanica Thermal Aqueous surfactants (WB) 24.5 % Chen et al. (2016) 
Dunaliella salina Osmotic shock Centrifuge (WB) 21.0 % This study 
Nannochloropsis sp. Ultrasonication Enzyme-assited aqueous extraction (WB) 11.73% Liang et al. (2012) 
 WB = Wet biomass; DB = Dry biomass
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genus is expected to limit the degradability of the microalgae. However, these results suggest that 
silica starvation at the final stages of the cultures could facilitate cell wall disruption by osmotic 
shock and favor the digestibility of the biomass. Former studies have shown that silica 
concentrations of less than 780 µM facilitate cell rupture after osmotic shock, while cell growth is 
not affected (Ghasemi Naghdi, 2015). 
 
Figure 4.  Cumulative methane production of C. muelleri and D. salina after solvent free lipid 
extraction (symbols) and their corresponding modeled profile (solid lines). Whiskers indicate SEs. 
 
 
Regarding D. salina, a similar value of methane production (323 mL g VS
-1
) was reported by 
Mussgnug et al. (2010) for untreated biomass. The lack of cell walls in Dunaliella species facilitates 
the degradability of the biomass making this genus a suitable substrate for anaerobic digestion. 
Considering the higher contribution to methane production of lipids in relation to carbohydrates and 
proteins (Sialve et al., 2009), the methane yield obtained for D. salina in the present study is 
relatively high. Although osmotic shock was not an efficient pre-treatment for lipid extraction on D. 
salina, it could have an impact on the cellular integrity which could have helped its degradation 
under anaerobic conditions.  
 
Table 3. Estimated model parameters for the lipid-spent biomass BMP tests  
 
Chaetoceros muelleri Dunaliella salina 
B0 (mL g VS 
-1
) 467.22 ± 16.37 347.46 ± 13.61 
khyd 0.24 ± 0.03 0.26 ± 0.05 
B0 = Ultimate methane potential; khyd = First order hydrolysis rate 
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Table 4. Summary of methane production from the anaerobic digestion of different microalgae biomass at thermophilic conditions 
Species Biomass treatment Reactor 
Methane yield (mL 
g⁻¹ VS) 
Methane 
content in 
biogas (%) 
Reference 
Chlorella vulgaris Enzymatic hydrolysis BMP test 569 NR Mahdy et al. (2014) 
Nannochloropsis salina Untreated BMP test  557 67 Zhao et al. (2014) 
Nanofrustulum sp. Untreated BMP test 507 73 Zhao et al. (2014) 
Chaetoceros muelleri Lipid extraction BMP test 484 61 This study 
Chlamydomonas reinhardtii Low nitrogen BMP test 478 69 Klassen et al. (2015) 
Parachlorella kessleri Low nitrogen BMP test 449 64 Klassen et al. (2015) 
Scenedesmus obliquus Low nitrogen BMP test 401 68 Klassen et al. (2015) 
Nannochloropsis sp. Lipid extraction BMP test 399 68 Zhao et al. (2014) 
Chlamydomonas reinhardtii Untreated BMP test 387.4 66 Mussgnug et al. (2010) 
Nannochloropsis salina Lipid extraction BMP test 383 75 Zhao et al. (2014) 
Dunaliella salina Lipid extraction BMP test 364 59 This study 
Nannochloropsis sp. Untreated BMP test 357 67 Zhao et al. (2014) 
Phaeodactylum tricornutum Lipid extraction BMP test 339 69 Zhao et al. (2014) 
Chlorella vulgaris UTEX Untreated BMP test 337 64 Zhao et al. (2014) 
Phaeodactylum tricornutum Untreated BMP test 337 65 Zhao et al. (2014) 
Euglena gracilis Untreated BMP test 324.9 67 Mussgnug et al. (2010) 
Dunaliella salina Untreated BMP test 323.2 64 Mussgnug et al. (2010) 
Hydrodictyon reticulatum Ultrasound BMP test 313-384 NR Lee et al. (2014) 
Nannochloropsis oculata Thermal 90 °C BMP test 294.4 - 329.2 72 -75 Marsolek et al. (2014) 
Arthrospira platensis Untreated BMP test 293.4 61 Mussgnug et al. (2010) 
Scenedesmus sp. Enzymatic hydrolysis BMP test 243-339 69.5 Mahdy et al. (2016) 
Chlorella vulgaris  Enzymatic hydrolysis BMP test 225-397 69.5 Mahdy et al. (2016) 
Chlorella kessleri Untreated BMP test 217.7 65 Mussgnug et al. (2010) 
Nannochloropsis oculata Untreated BMP test 206.5 - 237.2 74 Marsolek et al. (2014) 
Nannochloropsis oculata Thermal 30 °C  BMP test 199.8 71 Marsolek et al. (2014) 
Nannochloropsis oculata Thermal 60 °C BMP test 198.5 74 Marsolek et al. (2014) 
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Chlorella vulgaris  Untreated BMP test 195.6 53 Prajapati et al. (2014) 
Scenedesmus obliquus Untreated BMP test 177.9 62 Mussgnug et al. (2010) 
Chlorella minutissima Untreated BMP test 166.1 49 Prajapati et al. (2014) 
Microcystis spp. Untreated BMP test 140.5 36 Zeng et al. (2010) 
Chlorella vulgaris UTEX Lipid extraction BMP test 314 59 Zhao et al. (2014) 
Nanofrustulum sp. Lipid extraction BMP test 304 70 Zhao et al. (2014) 
Auxenochlorella protothecoides Lipid extraction CSTR  250 50-52 Bohutskyi et al. (2015a) 
Chlorella vulgaris  Untreated BMP test 227 69.5 Mahdy et al. (2016) 
Scenedesmus sp. Untreated BMP test 222 69.5 Mahdy et al. (2016) 
Scenedesmus dimorphus Untreated CSTR  199 64 González-González et al. (2018b) 
 
NR = Not reported; BMP = biomethane potential; CSTR = continuously stirred tank reactor. 
 
 
 
 
88 
 
3.4. Towards a sustainable integrated system of biodiesel and biogas production 
The suitability of an integrated system of biodiesel and biogas production was evaluated for D. 
salina and C. muelleri by applying osmotic shock, a wet lipid extraction method. Osmotic shock 
was chosen as an easily scalable pre-treatment to enhance cell wall rupture and facilitate lipid 
extraction. The results show that osmotic shock had a partial effect on cell rupture for D. salina 
which leads to a low percentage of lipids recovery. In contrast, the methane yield produced by the 
lipid-spent microalgae was relatively high (364 mL CH4 g VS
-1
) and should be considered as a 
potential microalga species for biogas production. However, the integration of biodiesel and biogas 
production with D. salina does not seem to be feasible through the methodology proposed in this 
study. The use of osmotic shock for this species is not suitable as the percentage of lipids extracted 
was very low and the increase in energy production probably does not compensate the economic 
demand for the use of water to apply osmotic shock at a large scale.  
On the other hand, the osmotic shock was highly efficient on C. muelleri since cell rupture was 
almost complete with a small amount of water (biomass:water ratio of 1:5), and 72% of the lipids 
were recovered by centrifugation. Furthermore, the methane yield of lipid-spent biomass was one of 
the highest reported to date (484 mL CH4 g VS
-1
). These results indicate the great potential of C. 
muelleri as a target species for combined biodiesel and biogas production, as the lipid-spent 
biomass is a valuable feedstock for biodiesel production.  
 
The proposed lipid extraction method coupled with biogas production from lipid-spent microalgae 
addresses several issues that might reduce biodiesel production costs. It has been estimated that up 
to 33% of savings can be achieved when the electricity generated from methane is able to power the 
microalgal biodiesel production system (Harun et al., 2011). More cost savings may be achievable 
with the elimination of a drying step and the avoidance of organic solvents for lipids removal. The 
feasibility of the system will depend on the energy balance of the process determined by the energy 
consumption required to produce the lipid-rich biomass, extract the lipids and run the anaerobic 
digesters (further energy demands would arise for biodiesel production). It is expected that the 
energy generated by the biogas produced will supply the energy demand for algae cultivation and 
lipid extraction resulting in a positive energy balance. In order to further improve the sustainability 
and feasibility of the system, it would be necessary to consider three aspects that can positively 
impact production costs: 1) reducing the use of commercial fertilizers for algae cultivation, 2) using 
alternative methods for oil recovery since centrifugation is costly and energy intensive, and 3) 
implementing biogas upgrading to increase methane concentration and remove other gases. Algae 
cultivation in wastewater (Zhu et al., 2013) or anaerobic digestates (González-González et al., 
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2018b), which contain important amounts of nutrients could totally or partially replace the use of 
fertilizers. On the other hand, centrifugation might be replaced by techniques with moderate 
operational cost such as settling (Sharma et al., 2014), air flotation (Ghasemi Naghdi and Schenk, 
2016) or filtration (Li et al., 2009). Finally, microbial methane enrichment through biogas 
upgrading is a simple technology that requires low investment and has shown up to 100% of 
methane enrichment in laboratory-scale reactors (Aryal et al., 2018) and up to 99.6%  in pilot-scale 
(Marín et al., 2018). Therefore, the integration of these processes into the proposed biorefinery 
using C. muelleri is promising and deserves further research. A positive energy balance should be 
achieved in order to guarantee the suitability of the biofuels production system.  
 
4. Conclusions 
Osmotic shock treatment was evaluated as a solvent-free method to extract lipids from wet 
microalgae for two microalgal species with high lipid content. The results revealed C. muelleri as a 
suitable species for an integrated system for biodiesel and biogas production. Up to 72% of lipids 
were removed from C. muelleri and the anaerobic digestion of the lipid-spent biomass reported a 
methane yield of 484 mL CH4 g VS
-1
. Based on this species, the lipid extraction method proposed 
could be a promising pathway for a sustainable microalgae-based refinery. 
 
Acknowledgments 
This work was supported by Meat and Livestock Australia (B.NBP.0695) and Cooperative 
Research Centre-Project CRC-P50538. Financial support for LMGG was provided by the 
Colombian government (COLCIENCIAS scholarship) and by the University of Queensland (APA 
scholarship). SAG is grateful to the Australian Research Council for his DECRA fellowship 
(DE170100497) and the Spanish Ministry of Science, Innovation and Universities for his Ramon y 
Cajal fellowship (RYC-2017-22372). 
 
 References 
ABD EL BAKY, H., EL-BAROTY, G. & BOUAID, A. 2014. Lipid induction in Dunaliella salina 
culture aerated with various levels CO2 and its biodiesel production. J. Aquacult. Res. Dev, 
5, 1-6. 
ANGELIDAKI, I., ALVES, M., BOLZONELLA, D., BORZACCONI, L., CAMPOS, J., GUWY, 
A., KALYUZHNYI, S., JENICEK, P. & VAN LIER, J. 2009. Defining the biomethane 
potential (BMP) of solid organic wastes and energy crops: a proposed protocol for batch 
assays. 
ARYAL, N., KVIST, T., AMMAM, F., PANT, D. & OTTOSEN, L. D. 2018. An overview of 
microbial biogas enrichment. Bioresource technology. 
90 
 
ASTALS, S., MUSENZE, R., BAI, X., TANNOCK, S., TAIT, S., PRATT, S. & JENSEN, P. 2015. 
Anaerobic co-digestion of pig manure and algae: impact of intracellular algal products 
recovery on co-digestion performance. Bioresource technology, 181, 97-104. 
BLIGH, E. G. & DYER, W. J. 1959. A rapid method of total lipid extraction and purification. 
Canadian journal of biochemistry and physiology, 37, 911-917. 
BOHUTSKYI, P., KETTER, B., CHOW, S., ADAMS, K. J., BETENBAUGH, M. J., ALLNUTT, 
F. T. & BOUWER, E. J. 2015a. Anaerobic digestion of lipid-extracted Auxenochlorella 
protothecoides biomass for methane generation and nutrient recovery. Bioresource 
technology, 183, 229-239. 
BOHUTSKYI, P., CHOW, S., KETTER, B., BETENBAUGH, M. J. & BOUWER, E. J. 2015b. 
Prospects for methane production and nutrient recycling from lipid extracted residues and 
whole Nannochloropsis salina using anaerobic digestion. Applied Energy, 154, 718-731. 
CORREA, D. F., BEYER, H. L., POSSINGHAM, H. P., THOMAS-HALL, S. R. & SCHENK, P. 
M. 2017. Biodiversity impacts of bioenergy production: Microalgae vs. first generation 
biofuels. Renewable and Sustainable Energy Reviews, 74, 1131-1146. 
CHEN, L., LI, R., REN, X. & LIU, T. 2016. Improved aqueous extraction of microalgal lipid by 
combined enzymatic and thermal lysis from wet biomass of Nannochloropsis oceanica. 
Bioresource technology, 214, 138-143. 
CHEN, M., LIU, T., CHEN, X., CHEN, L., ZHANG, W., WANG, J., GAO, L., CHEN, Y. & 
PENG, X. 2012. Subcritical co‐solvents extraction of lipid from wet microalgae pastes of 
Nannochloropsis sp. European Journal of Lipid Science and Technology, 114, 205-212. 
DA SILVA, T. L., GOUVEIA, L. & REIS, A. 2014. Integrated microbial processes for biofuels and 
high value-added products: the way to improve the cost effectiveness of biofuel production. 
Applied microbiology and biotechnology, 98, 1043-1053. 
DE BOER, K., MOHEIMANI, N. R., BOROWITZKA, M. A. & BAHRI, P. A. 2012. Extraction 
and conversion pathways for microalgae to biodiesel: a review focused on energy 
consumption. Journal of Applied Phycology, 24, 1681-1698. 
FRANSON, M. A. H., EATON, A. D., ASSOCIATION, A. P. H., ASSOCIATION, A. W. W. & 
FEDERATION, W. E. 2005. Standard methods for the examination of water and 
wastewater. American Public Health Association (APHA): Washington, DC, USA. 
GHASEMI NAGHDI, F., BAI, X., THOMAS-HALL, S. R., SHARMA, K. & SCHENK, P. M. 
2016a. Lipid extraction from wet Chaetoceros muelleri culture and evaluation of remaining 
defatted biomass. Algal research, 20, 205-212. 
GHASEMI NAGHDI, F., GONZÁLEZ GONZÁLEZ, L. M., CHAN, W. & SCHENK, P. M. 
2016b. Progress on lipid extraction from wet algal biomass for biodiesel production. 
Microbial biotechnology, 9, 718-726. 
GHASEMI NAGHDI, F., & SCHENK, P. M. 2016. Dissolved air flotation and centrifugation as 
methods for oil recovery from ruptured microalgal cells. Bioresource technology, 218, 428-
435. 
GHASEMI NAGHDI, F. & SCHENK, P. M. 2015. Protocols on Lipid Extraction from Wet Algal 
Biomass. Hydrocarbon and Lipid Microbiology Protocols. Springer. 
GHASEMI NAGHDI, F. 2015. Enhancement of microalgae lipid extraction efficiency for biodiesel 
production. PhD Thesis, School of Agriculture and Food Sciences, The University of 
Queensland. https://doi.org/10.14264/uql.2015.989 
GHASEMI NAGHDI, F., THOMAS-HALL, S. R., DURAIRATNAM, R., PRATT, S. & 
SCHENK, P. M. 2014. Comparative effects of biomass pre-treatments for direct and indirect 
transesterification to enhance microalgal lipid recovery. Frontiers in Energy Research, 2, 
57. 
GONZÁLEZ-GONZÁLEZ, L. M., CORREA, D. F., RYAN, S., JENSEN, P. D., PRATT, S. & 
SCHENK, P. M. 2018a. Integrated biodiesel and biogas production from microalgae: 
Towards a sustainable closed loop through nutrient recycling. Renewable and Sustainable 
Energy Reviews, 82, 1137-1148. 
91 
 
GONZÁLEZ-GONZÁLEZ, L. M., ZHOU, L., ASTALS, S., THOMAS-HALL, S. R., 
ELTANAHY, E., PRATT, S., JENSEN, P. D. & SCHENK, P. M. 2018b. Biogas production 
coupled to repeat microalgae cultivation using a closed nutrient loop. Bioresource 
technology, 263, 625-630. 
GUILLARD, R. R. 1975. Culture of phytoplankton for feeding marine invertebrates. Culture of 
marine invertebrate animals. Springer. 
HOLLIGER, C., ALVES, M., ANDRADE, D., ANGELIDAKI, I., ASTALS, S., BAIER, U., 
BOUGRIER, C., BUFFIÈRE, P., CARBALLA, M. & DE WILDE, V. 2016. Towards a 
standardization of biomethane potential tests. Water Science and Technology, 74, 2515-
2522. 
ISLAM, M. A., BROWN, R. J., BROOKS, P., JAHIRUL, M. I., BOCKHORN, H. & HEIMANN, 
K. 2015. Investigation of the effects of the fatty acid profile on fuel properties using a multi-
criteria decision analysis. Energy Conversion and Management, 98, 340-347. 
JENSEN, P., GE, H. & BATSTONE, D. J. 2011. Assessing the role of biochemical methane 
potential tests in determining anaerobic degradability rate and extent. Water science and 
technology, 64, 880-886. 
KLASSEN, V., BLIFERNEZ-KLASSEN, O., HOEKZEMA, Y., MUSSGNUG, J. H. & KRUSE, 
O. 2015. A novel one-stage cultivation/fermentation strategy for improved biogas 
production with microalgal biomass. Journal of biotechnology, 215, 44-51. 
KLASSEN, V., BLIFERNEZ-KLASSEN, O., WOBBE, L., SCHLÜTER, A., KRUSE, O. & 
MUSSGNUG, J. H. 2016. Efficiency and biotechnological aspects of biogas production 
from microalgal substrates. Journal of biotechnology, 234, 7-26. 
LAI, Y. S., DE FRANCESCO, F., AGUINAGA, A., PARAMESWARAN, P. & RITTMANN, B. 
E. 2016. Improving lipid recovery from Scenedesmus wet biomass by surfactant-assisted 
disruption. Green Chemistry, 18, 1319-1326. 
LEE, I. & HAN, J.-I. 2015. Simultaneous treatment (cell disruption and lipid extraction) of wet 
microalgae using hydrodynamic cavitation for enhancing the lipid yield. Bioresource 
technology, 186, 246-251. 
LEE, K., CHANTRASAKDAKUL, P., KIM, D., KONG, M. & PARK, K. Y. 2014. Ultrasound 
pretreatment of filamentous algal biomass for enhanced biogas production. Waste 
management, 34, 1035-1040. 
LEE, R. E. 2008. Phycology, Cambridge University Press. 
LIANG, K., ZHANG, Q. & CONG, W. 2012. Enzyme-assisted aqueous extraction of lipid from 
microalgae. Journal of agricultural and food chemistry, 60, 11771-11776. 
MAHDY, A., MENDEZ, L., BLANCO, S., BALLESTEROS, M. & GONZÁLEZ-FERNÁNDEZ, 
C. 2014. Protease cell wall degradation of Chlorella vulgaris: effect on methane production. 
Bioresource technology, 171, 421-427. 
MAHDY, A., MENDEZ, L., TOMÁS‐PEJÓ, E., DEL MAR MORALES, M., BALLESTEROS, M. 
& GONZÁLEZ‐FERNÁNDEZ, C. 2016. Influence of enzymatic hydrolysis on the 
biochemical methane potential of Chlorella vulgaris and Scenedesmus sp. Journal of 
Chemical Technology & Biotechnology, 91, 1299-1305. 
MARÍN, D., POSADAS, E., CANO, P., PÉREZ, V., LEBRERO, R. & MUÑOZ, R. 2018. 
Influence of the seasonal variation of environmental conditions on biogas upgrading in an 
outdoors pilot scale high rate algal pond. Bioresource technology, 255, 354-358. 
MARSOLEK, M. D., KENDALL, E., THOMPSON, P. L. & SHUMAN, T. R. 2014. Thermal 
pretreatment of algae for anaerobic digestion. Bioresource technology, 151, 373-377. 
MERCER, P. & ARMENTA, R. E. 2011. Developments in oil extraction from microalgae. 
European journal of lipid science and technology, 113, 539-547. 
MUSSGNUG, J. H., KLASSEN, V., SCHLÜTER, A. & KRUSE, O. 2010. Microalgae as 
substrates for fermentative biogas production in a combined biorefinery concept. Journal of 
Biotechnology, 150, 51-56. 
92 
 
PASSOS, F., UGGETTI, E., CARRÈRE, H. & FERRER, I. 2014. Pretreatment of microalgae to 
improve biogas production: A review. Bioresource technology, 172, 403-412. 
PRAJAPATI, S. K., MALIK, A. & VIJAY, V. K. 2014. Comparative evaluation of biomass 
production and bioenergy generation potential of Chlorella spp. through anaerobic digestion. 
Applied Energy, 114, 790-797. 
REIS BATISTA, I., GARCIA, A. B., VAN DALEN, P., KAMERMANS, P., VERDEGEM, M. & 
SMAAL, A. C. 2015. Culturing Chaetoceros muelleri using simplified media with different 
N sources: effects on production and lipid content. European journal of phycology, 50, 92-
99. 
SADKA, A., LERS, A., ZAMIR, A. & AVRON, M. 1989. A critical examination of the role of de 
novo protein synthesis in the osmotic adaptation of the halotolerant alga Dunaliella. FEBS 
Letters, 244, 93-98. 
SATHISH, A., MARLAR, T. & SIMS, R. C. 2015. Optimization of a wet microalgal lipid 
extraction procedure for improved lipid recovery for biofuel and bioproduct production. 
Bioresource technology, 193, 15-24. 
SHARMA, K., LI, Y. AND SCHENK, P.M. 2014. UV-C-mediated lipid induction and settling, a 
step change towards economical microalgal biodiesel production. Green Chemistry, 16(7), 
pp.3539-3548 
SIALVE, B., BERNET, N. & BERNARD, O. 2009. Anaerobic digestion of microalgae as a 
necessary step to make microalgal biodiesel sustainable. Biotechnology advances, 27, 409-
416. 
TAHER, H., AL-ZUHAIR, S., AL-MARZOUQI, A. H., HAIK, Y. & FARID, M. 2014. Effective 
extraction of microalgae lipids from wet biomass for biodiesel production. biomass and 
bioenergy, 66, 159-167. 
UDUMAN, N., QI, Y., DANQUAH, M. K., FORDE, G. M. & HOADLEY, A. 2010. Dewatering of 
microalgal cultures: a major bottleneck to algae-based fuels. Journal of renewable and 
sustainable energy, 2, 012701. 
UGGETTI, E., SIALVE, B., TRABLY, E. & STEYER, J. P. 2014. Integrating microalgae 
production with anaerobic digestion: a biorefinery approach. Biofuels, Bioproducts and 
Biorefining, 8, 516-529. 
WELDY, C. S. & HUESEMANN, M. 2007. Lipid production by Dunaliella salina in batch culture: 
effects of nitrogen limitation and light intensity. Journal of Undergraduate Research, 7. 
YOO, G., PARK, W.-K., KIM, C. W., CHOI, Y.-E. & YANG, J.-W. 2012. Direct lipid extraction 
from wet Chlamydomonas reinhardtii biomass using osmotic shock. Bioresource 
technology, 123, 717-722. 
ZENG, S., YUAN, X., SHI, X. & QIU, Y. 2010. Effect of inoculum/substrate ratio on methane 
yield and orthophosphate release from anaerobic digestion of Microcystis spp. Journal of 
hazardous materials, 178, 89-93. 
ZHAO, B., MA, J., ZHAO, Q., LAURENS, L., JARVIS, E., CHEN, S. & FREAR, C. 2014. 
Efficient anaerobic digestion of whole microalgae and lipid-extracted microalgae residues 
for methane energy production. Bioresource technology, 161, 423-430. 
ZHU, L., WANG, Z., TAKALA, J., HILTUNEN, E., QIN, L., XU, Z., QIN, X. & YUAN, Z. 2013. 
Scale-up potential of cultivating Chlorella zofingiensis in piggery wastewater for biodiesel 
production. Bioresource technology, 137, 318-325. 
 
93 
 
Chapter 4: Chaetoceros muelleri pre-treated with osmotic shock to enhance lipid extraction and 
biogas production: towards an integrated biorefinery 
 
 
 
Overview 
 
Following the previous study presented in Chapter 3, the marine diatom Chaetoceros muelleri was 
selected as the target species for a complete closed nutrient loop. In this chapter, I evaluated the 
anaerobic digestion of C. muelleri biomass under continuous conditions and with BMP tests after pre-
treatment with osmotic shock and solvent-free lipid extraction. The chapter explores the potential of the 
direct (whole biomass) and indirect (lipid extracted biomass) route for biogas production analyzing the 
possible outcomes at a large scale.  
 
 
Highlights 
 
 
 37% methane production improvement was achieved with osmotic shock pre-treatment 
 
 Lipids removal after osmotic shock should be improved to be applied at a large scale 
 
 The high potential of C. muelleri for a biofuel integrated system was confirmed 
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Chaetoceros muelleri pre-treated with osmotic shock to enhance lipid extraction and biogas 
production: towards an integrated biorefinery  
 
 
Abstract 
 
The integration of biodiesel and biogas production in an algae-based system has been proposed as a 
sustainable way to respond to increasing energy demands. Currently, this biorefinery lacks the 
economic basis for its application at a commercial scale and further research should aim to reduce 
production costs. In this study, I evaluated an integrated system with the diatom Chaetoceros muelleri 
orientated towards its potential scalability. I assessed the suitability of osmotic shock as an efficient 
pre-treatment for lipids removal and biogas production as well as the consequence of removing lipids 
on anaerobic digestion. Biogas production was evaluated in batch and continuous tests. An 
improvement of 35% was registered with the pre-treated biomass and the average methane yield in 
continuous conditions was 660 mL CH4 g VS
-1
.
 
 Up to 72% of lipids were removed after osmotic shock 
by wet lipid extraction and no significant differences were reported with lipids removal.  
 
Keywords: Anaerobic digestion; pre-treatment; osmotic shock; lipid extraction; microalgae 
 
1. Introduction 
 
The continuous increase in energy demands as a result of global population growth requires the 
development of sustainable energies that counteract the negative effects on the environment of 
traditional fossil fuels. Algae-based biofuels are considered a highly attractive alternative due to higher 
areal productivity and lower environmental impacts when compared to other biofuels (e.g. soybean, oil 
palm and rapeseed) (Correa et al., 2017). Biodiesel from microalgae has been largely explored as these 
microorganisms have the capability to accumulate up to 60% of their dry weigh in lipids under stress 
conditions (Singh et al., 2015, Rodolfi et al., 2009). Despite the high biodiesel potential from 
microalgae, currently, this technology is not viable at a commercial scale due to economic issues such 
as the high cost of dewatering (for oil extraction) and nutrients supply (Singh and Gu, 2010).  
 
95 
 
Anaerobic digestion of lipid-extracted biomass has been suggested as an efficient and sustainable way 
to reduce biodiesel production cost and make microalgae biorefineries more self-sustainable (Sialve et 
al., 2009, González-González et al., 2018a). The production of biogas through the anaerobic digestion 
of microalgal residues provides additional energetic value to the biomass and can supply the energy 
required for the biorefinery (Harun et al., 2011). Another advantage of anaerobic digestion in an 
integrated system is the possibility to recycle the nutrient-rich digestate for algae growth (Bjornsson et 
al., 2013, Uggetti et al., 2014, Zhang et al., 2018, González-González et al., 2018b). This is a feasible 
alternative to reduce, or even avoid, the use of commercial fertilizers which is mandatory to make the 
system sustainable and economically viable (Lardon et al., 2009, Zhang et al., 2014). 
One of the main limitations of anaerobic digestion of microalgae is the low digestibility of some 
species as a result of their rigid cell wall (Mussgnug et al., 2010). However, some pre-treatments can be 
used before digestion to break down the cell wall and increase microalgal biodegradability rate and 
extent (González-Fernández et al., 2012, Passos et al., 2014). Most of these pre-treatments have been 
widely used for lipid extraction. Thus, the integration of biodiesel production after lipid extraction and 
biogas production through anaerobic digestion has been suggested as a way to enhance both processes 
by lowering economic and energy demands (Sialve et al., 2009, Zhu, 2014).  
The success of the proposed approach depends on: (i) using microalgal species with high lipid 
accumulation capacity and high degradability and (ii) the cost-efficiency of pre-treatment in terms of 
enhanced biodiesel and biomethane production. Osmotic shock is a simple and cost-effective pre-
treatment that has been studied for lipid extraction  (Yoo et al., 2012, Ghasemi Naghdi et al., 2016) but 
its potential as pre-treatment for biogas production has not been tested to date.  
In this study, the impact of osmotic shock pre-treatment on lipid extraction and methane production on 
Chaetoceros muelleri microalgae was evaluated to assess the viability of an integrated algae-based 
biofuel system. The marine diatom C. muelleri was selected due to its high lipids accumulation 
capability under nutrient deprivation (McGinnis et al., 1997, Lim et al., 2012). The anaerobic 
biodegradability of this species of microalgae has not been previously explored. However, my 
preliminary results with this species (González-González et al., 2019) revealed its high potential for 
biogas production. With the aim to ensure the scalability of the process, a wet and solvent-free lipid 
extraction was evaluated as a more sustainable alternative to traditional dry extraction. This technique 
coupled with osmotic shock pre-treatment has shown to be an efficient methodology for a clean lipids 
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removal. Preliminary results (González-González et al., 2019) validated this process on C. muelleri by 
removing efficiently 72% of the lipids in the supernatant after centrifugation.  
Biogas production of pre-treated biomass was initially evaluated in biomethane potential (BMP) tests 
and the results were validated under continuous conditions. The mobilization of nutrients during 
anaerobic digestion was analyzed in order to predict the fertilizer potential of the anaerobic digestate.  
 
2. Materials and methods  
 
2.1. Microalgae cultivation  
The marine diatom Chaetoceros muelleri CS-176 was provided by the CSIRO Algal Culture Collection 
(Hobart, Tasmania). The strain was cultivated and scaled up as detailed in Chapter 3. Five batches of 
culture were harvested, submitted to osmotic shock and used as substrate for anaerobic digestion.  
 
2.2. Osmotic shock pre-treatment and solvent-free lipid extraction 
Harvested biomass was submitted to osmotic shock with deionized water at a biomass:water ratio of 
1:5. After osmotic shock, part of the biomass was submitted to solvent-free lipid extraction as detailed 
in Chapter 3. Lipid extracted biomass used as substrate in the second BMP test (see section 2.3) 
corresponds to the pellet after removal of all the supernatant. However, the lipid-extracted biomass that 
was used as substrate for the continuous reactors (see section 2.4), corresponds to a mix of pellet and 
supernatant. This is because the centrifugation of high volumes of biomass (required to run the 
continuous reactors) is less efficient to concentrate all the lipid-extracted biomass in the pellet (more 
than 60% of the biomass remained in the supernatant). Therefore, it was necessary to concentrate the 
lipids in a small volume in order to be able to remove just the lipids and avoid the removal of valuable 
biomass. For this purpose, the pH of the culture was changed to 11 after osmotic shock which 
facilitated the formation of three different layers after centrifugation. Lipids were concentrated in the 
upper layer (around 4% of the total biomass). This layer (with 45% of the lipids) was removed and the 
remaining biomass (supernatant and pellet with 55% of the lipids) was used as substrate for anaerobic 
digestion in one of the reactors in the second phase of the continuous reactors experiment. Lipid 
concentration was determined by following the Bligh & Dyer methodology (Bligh and Dyer, 1959).  
All the biomass was stored at -20°C, to avoid degradation before the experiments. pH was adjusted to 7 
with a 4M NaOH solution before feeding the anaerobic reactors. 
97 
 
2.3. Biomethane potential tests  
Biomethane potential (BMP) tests were carried out according to the procedure described in Chapter 3. 
The inoculum was obtained from a mixed mesophilic 5500 m
3
 digester treating primary and secondary 
sludge (1:1 ratio on a volume-basis) at a hydraulic retention time (HRT) of 23 days located in South 
East Queensland, Australia. Tables 1 and 2 show the chemical characterization of the substrates under 
study. 
Two different sets of BMP tests were carried out in this study. The first batch aimed to assess the 
impact of osmotic shock and storing condition on microalgal biodegradability (rate and extent). Four 
treatments were evaluated: 1) Raw biomass (R); 2) Biomass pre-treated with osmotic shock (O.S); 3) 
Biomass pre-treated with freezing (F) and 4) Biomass pre-treated with freezing and osmotic shock (O.S 
+ F). All tests were prepared with an inoculum to substrate ratio (ISR) of 2.5 (Volatile solids (VS) 
basis).  
 
Table 1. Chemical characterization of the substrates evaluated to assess the effect of pre-treatments on 
biogas production (First set) 
 
Parameter R O.S F  O.S + F 
TS (g kg
 -1
) 28.3 ± 0.2 23.6 ± 0.04 25.7 ± 0.05 24.1 ± 0.1 
VS (g kg
 -1
) 19.2 ± 0.2 15.0 ± 0.05 17.0 ± 0.02 16.4 ± 0.1 
COD (g kg
 -1
) 26.3 ± 0.8 27.4 ± 1.3 30.6 ± 1.0 30.2 ± 1.3 
TKN (mg L
-1
) 961 1017  1016.7  1037  
TP (mg L
-1
) 232  253  252.9  234  
NH4-N (mg L
-1
) 23 17  15.5  15  
PO4-P (mg L
-1
) 119 128 121.0 110 
 
 
Table 2. Chemical characterization of the substrates evaluated to assess the effect of lipids removal on 
biogas production (Second set). O.S (Whole biomass diluted after osmotic shock); O.S + L.E  (Biomass 
concentrated in the pellet after centrifugation and lipids removal) 
 
 Parameter O.S O.S + L.E  
TS (g kg
 -1
) 38.3 ± 0.1 71.8 ± 0.1 
VS (g kg
 -1
) 28.7 ± 0.2 57.2 ± 0.2 
COD (g kg
 -1
) 55.5 ± 1.2 113.7 ± 0.9 
TKN (mg L
-1
) 1579 3118  
NH4-N (mg L
-1
) 40  56  
TP (mg L
-1
) 277  485  
PO4-P (mg L
-1
) 174  198  
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The second batch evaluated the effect of lipids removal in the biomethane potential of C. muelleri pre-
treated with osmotic shock. Two treatments with an ISR of 2 were evaluated: 1) Whole biomass pre-
treated with osmotic shock (O.S) and 2) Lipid extracted biomass after osmotic shock (O.S + L.E).  
 
2.4. Set up of continuous reactors  
Anaerobic digestion of C. muelleri sludge pre-treated with osmotic shock was carried out in two 2 L 
continuous stirred digesters operated at 37°C (Phase 1). The working volume was 1.5 L and the HRT 
was established in 20 days (75 mL day
-1
 of feeding). The reactors were fed and drawn using a 
peristaltic pump. The first reactor was inoculated with a mixture of digested sewage sludge (50%) and 
algae digested sludge from the anaerobic digestion of Scenedesmus dimorphus (50%) (González-
González et al., 2018b) up to 1.5 L. The second reactor was set up using the effluent of this reactor 
after 20 days of running as inoculum. The reactors were operated in parallel for 200 days. During the 
last month of the experimental period, one of the reactors was fed with lipid extracted biomass (Phase 
2).  Effluent and influent samples were collected three times per week. All the samples were stored at 
4°C prior to analyses. 
 
2.5. Chemical analyses   
Analysis for BMP tests and continuous reactors samples included nutrients (ammonia-nitrogen NH4-N, 
phosphate-phosphorus PO4-P, total Kjeldahl nitrogen (TKN) and total phosphorus (TP), total solids 
(TS) volatiles solids (VS), pH and total and soluble chemical oxygen demand (tCOD and sCOD). 
Volatile fatty acids (VFA) were analyzed in continuous reactors samples. Gas production and 
composition was recorded daily.  
For measurements of sCOD, VFA, NH4-N, and PO4-P, the samples were centrifuged at 2500 x g for 5 
min and filtered through a syringe filter (0.45 µm). TS and VS were measured according to standard 
method procedures 2540G (Franson et al., 2005). sCOD and tCOD were measured using Merck 
Spectroquant®cell determinations and an SQ 118 Photometer (Merck, Germany), TKN, TP, NH4-N, 
and PO4-P were measured by using a LachatQuik-Chem 8000 Flow Injection Analyser (Lachat 
Instrument, Milwaukee). 
Biogas composition (CH4, CO2, and N2) was determined using a Shimadzu GC-2014 gas 
chromatograph equipped with a Valco GC valve (1 mL sample loop), a HAYESEP Q 80/100 packed 
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column (2.4 m length; 1/800 outside diameter, 2 mm inner diameter) and a thermal conductivity 
detector.  
 
2.6. Model implementation and statistical analysis 
Process kinetics of BMP tests were modeled using a first-order equation as described by Jensen et al. 
(2011). Parameters were estimated with 95% confidence intervals. Data for solvent-free lipid extraction 
were analyzed by Student’s t-test (P<0.05). All statistical analyses were performed with the Statistica 
10 software (Tibco Statistica, Palo Alto, CA). 
 
3. Results and discussion 
 
3.1. Enhancing lipid extraction on C. muelleri through osmotic shock  
Solvent-free lipid extraction was applied in two different ways. The first assay was applied on the 
biomass used for BMP tests which reached a lipid concentration of 31% and a percentage of lipids 
extraction of 72%, leading to a lipid concentration of 9% on the residues used as substrate for BMP 
test.  
 
 
 
 
 
 
 
 
 
 
 
 
 
                                            
                
 
0%
10%
20%
30%
40%
50%
Whole biomass Lipid extracted biomass
P
er
ce
n
ta
ge
 o
f 
lip
id
s 
0%
5%
10%
15%
20%
25%
Whole biomass Lipid extracted biomass
A B 
a 
b 
b 
a 
Figure 1. Concentration of lipids in Chaetoceros muelleri before and after solvent-free lipid extraction 
(A) Biomass for BMP test, without change of pH. (B) Biomass for continuous digesters, whit pH change. 
Lower case letters differ significantly at P<0.05 by Student’s t-test. 
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The second assay was performed on the biomass used for the continuous reactors. In this case, it was 
necessary to concentrate the lipids in the supernatant since the centrifugation of high volumes of 
biomass was not efficient to concentrate the lipid-extracted biomass in the pellet. Since lipid assemblies 
can be influenced by pH changes (Angelova et al., 2018), ), an increment on the pH to 11 allowed the 
concentration of lipids in a small layer (see section 2.2) that was easily removed. By doing this, the 
percentage of extraction decreased to 47% (since some of the lipids remained in the other layers), but 
around 96% of the initial biomass was used as substrate for the bioreactors. The harvested biomass 
reached a lipid concentration of 19%, therefore, the residues used for anaerobic digestion had 10% of 
lipids concentration (corresponding to 53% of total lipids) (Figure 1). 
3.2. Effect of pre-treatment on anaerobic digestion of algal biomass 
BMP tests revealed a positive effect of osmotic shock on microalgal methane yield by improving 
methane production by around 35%. However, freezing had a similar impact (Figure 2). Table 3 shows 
the calculated parameters for the model of the process. The enhancement of biogas production by 
freezing has been reported before (Stabnikova et al., 2008, Montusiewicz et al., 2010, Yang et al., 
2015). Barreiro-Vescovo et al. (2018) found that frozen microalgal biomass enhanced methane yield by 
1.56-fold and doubled the hydrolysis constant compared to fresh biomass. The authors explained this 
improvement with a change in the organization of the particulate organic matter that comes with 
freezing. My results show a similar improvement in methane yield but the hydrolysis constant was not 
affected.  
In the same way, the combination of osmotic shock and freezing enhanced anaerobic digestion. 
However, a cumulative effect was not observed with both pre-treatments. An improvement of around 
35% in methane production was observed with all the pre-treatments evaluated in this study and no 
statistical difference was reported between them. These results validate the use of frozen biomass for 
anaerobic digestion in continuous reactors as it was demonstrated that osmotic shock pre-treatment was 
enough to significantly improve methane production of C. muelleri and there was no cumulative effect 
when the biomass was frozen.  
The biomass pre-treated with osmotic shock reached a methane yield of 521 mL CH4 g VS 
-1
, while 
510 and 522 mL CH4 g VS 
-1 
were reached with F and O.S + F respectively. These values are between 
the highest reported to date for pre-treated microalgal biomass (Klassen et al., 2016, Passos et al., 
2014). The highest methane yield from microalgal biomass has been reported by Mahdy et al. (2014) 
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by enzymatic pre-treatment on Chlorella vulgaris. With an alcalase dosage of 0.585 g DW
-1
 the 
researchers reported an increase in methane production of 64% and a final methane yield of 571 mL 
CH4 g VS
-1
. A similar methane yield (570 mL CH4 g VS
-1
) was described by Schwede et al. (2013) 
with thermal pre-treatment on Nannochloropsis salina. In this case, the improvement on methane 
production was more than two-fold compared to the untreated biomass.  
 
 
Figure 2. Cumulative methane production of raw and pre-treated C. muelleri biomass (symbols) and their 
corresponding modeled profile (solid lines). 
 
 
To our knowledge, this is the first report for osmotic shock pre-treatment for anaerobic digestion.  This 
pre-treatment has been reported before for lipid extraction (Yoo et al., 2012, Ghasemi Naghdi et al., 
2014) but not to enhance biogas production. Osmotic shock has proved to be an efficient pre-treatment 
to break thin cell walls (González-González et al., 2019) enhancing the digestibility of the biomass and 
improving this way the methane production potential. Nevertheless, it is worth to highlight that even 
the methane yield produced by raw biomass (387 mL CH4 g VS 
-
1) is one of the highest reported for 
microalgae (see Table 5), which reveals the high potential of C. muelleri for biogas production.  
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Table 3. Estimated model parameters for raw and pre-treated C. muelleri biomass during anaerobic 
digestion. 
  R O.S F O.S + F 
B0 (mL g VS 
-1
) 369.02 ± 10.51 505.80 ± 18.15 494.31 ± 15.98 506.68 ± 17.19 
Khyd 0.27 ± 0.04 0.24 ± 0.04 0.26 ± 0.04 0.25 ± 0.04  
 
 
3.3. Methane production potential from whole and lipid-extracted C. muelleri residues after pre-
treatment with osmotic shock 
The effect of lipids removal on anaerobic digestion performance was initially evaluated by BMP tests 
(Figure 3). Table 4 shows the calculated parameters for the model of the process. My results show no 
significant differences in the final methane yield when compared to the whole biomass. However, lipid 
extraction treatment exhibited the best kinetics for the process.  Several authors have reported higher 
methane yields from lipid extracted biomass when compared to raw biomass (Capson-Tojo et al., 2017, 
Ramos-Suárez and Carreras, 2014, Barontini et al., 2016). These results have been explained as the 
effect of pre-treatment applied for lipid extraction which enhances the anaerobic digestion process by 
increasing the degradability of the biomass.  However, this is not the case in the present study as lipid-
rich biomass was also submitted to osmotic shock in order to evaluate the specific effect of lipids 
removal. My results show that the high efficiency of the anaerobic digestion process of lipid extracted 
biomass, when compared with the whole biomass, was independent of the applied pre-treatment. 
Methane yield was high, despite the low amount of lipids in the digested biomass, which indicates that 
in a biodiesel production system with this species, the use of leftovers for biogas production is an 
excellent alternative to provide an additional energetic value to all the biomass.  
 
 
Table 4. Estimated model parameters for pre-treated C. muelleri biomass before and after solvent free 
lipid extraction 
  Osmotic shock Osmotic shock + Lipid extraction 
B0 (mL g VS 
-1
) 450.23 ± 13.03 467.22 ± 16.37 
Khyd 0.20 ± 0.02 0.24 ± 0.03 
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Figure 3. Cumulative methane production of pre-treated C. muelleri before and after solvent free lipid 
extraction (symbols) and their corresponding modeled profile (solid lines). 
 
 
3.4. Anaerobic digestion performance of pre-treated biomass in continuous reactors  
The anaerobic digestion of C. muelleri showed a satisfactory performance in both reactors. As observed 
with BMP tests, methane yield produced was high in comparison with other algal substrates reported in 
the literature for continuous reactors (Table 5). A detailed summary of the main results is presented in 
Table 6. The values for both reactors were similar for all the parameters although the first reactor 
showed a slightly better performance in biogas in average. However, there were fluctuations through all 
the experiment and in overall there were no statistical differences between both reactor performances. 
Biogas production in both reactors revealed the same tendency along the process and the methane yield 
in average fluctuated around 600 mL CH4 g VS
-1
 fed (Figure 4). The average biogas production 
through phases 1 and 2 fluctuated with the change of batch, which can be related to the differences in 
the chemical composition of the harvested biomass through the different batches. The water content, 
lipid concentration as well as any kind of contamination with bacteria might differ considerably 
between batches which in turn modify the methane yield observed. For instance, there is an important 
increase in methane production with the fourth batch (around day 100) which had the highest 
concentration of lipids of all batches (30% per dry weight). Nonetheless, methane production with all 
the batches and both reactors was high, which ratifies the high potential of C. muelleri for methane 
production revealed with BMP tests.   
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Table 5. Results of several studies of anaerobic digestion of microalgae in continuous digesters.  
Species T (°C) 
Operation 
time (days) 
HRT 
(days) 
Working 
Volume 
(L) 
Methane yield 
 (mL g VS
-1
) 
Reference 
Tetraselmis sp.  35 NR 14 2-5 310 Marzano et al. (1982) 
Chlorella sorokiniana  40-40 70 NR 1 212 Polakovičová et al. (2012) 
Chlorella vulgaris  40-41 110 NR 1 189 Polakovičová et al. (2012) 
Chlorella vulgaris  35 65 16 1 147 Ras et al. (2011) 
Chlorella vulgaris  35 35 28 1 240 Ras et al. (2011) 
Cyanobacteria mix 35 30 NR 4.5 190 Yuan et al. (2011) 
Arthrospira maxima 35 38 30 0.7 400 Rodriguez et al. (2017) 
Scenedesus dimorphus 35 90 20 10 199 
González-González et al. 
(2018b) 
Chaetoceros muelleri 37 196 20 1.5 331-719 This study 
   NR = Not reported 
VS reduction and COD removal were stable at around 68% and 73%, respectively. These values are 
also between the highest reported in the literature for digested microalgae in continuous reactors. For 
instance, the anaerobic digestion of the cyanobacterium Spirulina maxima reported between 23 and 
40% of COD degradation (Varel et al., 1988) and 66% of VS reduction (Samson and Leduy, 1982), 
while Chlorella vulgaris reached 33% and 51% COD removal under 16 and 28 days HRT (Ras et al., 
2011). 
During phase 2, one of the reactors was fed with lipid-extracted biomass. Following the same trend 
observed with BMP test (Figure 3), the results show no significant differences in methane yield of both 
reactors, although with lipid removal the organic loading rate decreased from 1.6 to 1.3 g VS L
-1
 d
-1
. 
While the whole biomass had more concentration of lipids, the lipid-extracted biomass had a higher 
concentration of the remaining biomass which could have a significant calorific value.  Although lipids 
has been described as the most efficient compounds for methane production in comparison to 
carbohydrates and proteins (Sialve et al., 2009), the methane potential is also determined by the 
biochemical composition and the structural organization of the biopolymers in the substrate (Bayard et 
al., 2016, Perendeci et al., 2019). There are bigger differences in methane production between batches 
than between whole and lipid-extracted biomass, which indicates a higher variation of chemical 
composition between batches than just by removing part of the lipids. However, considering the 
amount of harvested biomass needed to produce the same methane yield between whole and lipid 
extracted biomass, the differences between both treatments increase. 
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 Table 6. Comparison in the anaerobic digestion performance between the continuous reactors under study 
 
 
 
 
 
 
 
 
 
 
 
  Phase 1 Phase2 
  Batch 1 Batch 2 Batch 3 Batch 4 Batch 5 
  R1 R2 R1 R2 R1 R2 R1 R2 R1 R2 
Methane (%) 55.7 ± 0.46 57.3 ± 0.52. 59.4 ± 0.38 61.1 ± 0.32 59.7 ±  0.74 59.1 ± 1.11 56.0 ± 0.32 57.3 ± 0.46 56.1 ± 0.38 57.3 ± 0.60 
Biogas rate (mL day -1) 1309.5 ± 30.10  1270.2 ± 26.12 960.1 ± 39.13 785.0 ± 42.42 894.6 ± 71.59 603.7 ± 26.37 1609.8 ± 56.73 1521.3 ± 56.97 1415.5 ± 41.26 1088.5 ± 44.96 
Methane rate (mL day -1) 729.4 ± 18.03 728.2 ± 15.67 569.9 ± 22.18 479.0 ± 25.49 543.5 ± 51.70 359.9 ± 18.37 899.0 ± 29.83 871.7 ± 33.46 794.9 ± 24.05 624.6 ± 27.12 
Methane yield (mL g VS -1) 542.5 ± 15.33 523.4 ± 17.27 408.2 ± 15.06 331.1 ± 14.97 522.1 ± 54.62 381.0 ± 29.18 718.7 ± 20.02 693.2 ± 23.57 537.4 ± 27.46 513.8 ± 27.08 
VS reduction (%) 67.8 ± 2.24 73.5 ± 1.25 71.6 ± 1.40 73.6 ± 169 70.6 ± 3.15 66.2 ± 3.15 66.0 ± 1.20 63.4 ± 2.04 64.2 ± 3.31 66.4 ± 1.45 
COD removal (%) 
77.0 ± 1.87 
 
80.2 ± 1.52 77.7 ± 1.26 79.1 ± 1.34 69.4 ± 1.85 57.6 ± 0.44 71.5 ± 1.07 69.5 ± 1.59 70.6 ± 2.28 73.6 ± 0.87 
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Figure 4. Methane yield through 7 months of operation. Dashed lines indicate the change to a different batch 
of biomass. Phase 1 corresponds to the anaerobic digestion of osmotically-shocked biomass in both reactors; 
Phase 2 corresponds to a comparison between osmotically-shocked biomass (Reactor 1) and lipid-extracted 
biomass after osmotic shock (Reactor 2). 
 
 
3.5. Towards an integrated biorefinery 
According to my results from phase 2, C. muelleri biomass pretreated with osmotic shock produce 
around 537.4 mL CH4 g VS
-1
, therefore, at a large scale, 1 kg of C. muelleri biomass pretreated with 
osmotic shock will produce around 12.20 L CH4 (assuming that VS does not change). With lipid 
removal by the methodology presented in this study, the methane yield decreased to 513.8 mL CH4 g 
VS
-1
, which correspond to 9.4 L at a large scale. This means that in an integrated system of biodiesel 
and biogas production, 1 kg of harvested biomass will produce around 9.0 L CH4 and 40 g of lipid-rich 
biomass for biodiesel production (assuming that lipids are concentrated in 4% of the total biomass). 
From an energetic point of view it seems worthy to use all the biomass for biogas production; however 
the use of microalgae exclusively for biogas production is not feasible due the low cost of its products 
(electricity and heat) and its difficulty to be transported compared to liquid fuels (de Boer et al., 2012). 
The integration of biogas and biodiesel production, in this case, is an interesting alternative as the lipid-
extracted biomass has shown a high energetic value even with higher lipids removal as shown by BMP 
tests. Assuming the same efficiency of lipids removal (72%) obtained with BMP test at a large scale, 
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the percentage of methane production per kg of harvested biomass will decrease by 39% (around 5.5 L 
CH4 produced by kg of harvested biomass) but a higher concentration of lipids would be available for 
biodiesel conversion. The concentration of a higher amount of lipids at large scale will require further 
studies in order to keep all the residual biomass for anaerobic digestion. Besides, although 
centrifugation is only applied to a small volume after osmotic shock (since primary dewatering had 
already occurred earlier), the exploration of alternative techniques of lipids separation such as settling, 
air flotation or filtration is highly recommended due to the high energy demand of centrifugation. In 
any case, the energy and cost required for lipids concentration should be compensated by the energy 
produced by the lipids extracted as well as the cost of the biofuels in the market.  
 
4. Conclusions 
 
Chaetoceros muelleri has revealed a high potential for the production of biodiesel and biogas in an 
integrated system. My results show that C. muelleri cell walls can be easily broken by osmotic shock 
and up to 72% of the lipids can be removed by centrifugation. Besides, the pre-treatment enhanced 
methane production in around 35%. Average methane yield of pre-treated biomass was high (around 
600 mL CH4 g VS
-1
) and lipids removal did not significantly affect methane production which confirms 
the suitability of the integrated system proposed. 
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CHAPTER 5: Assessing the fertilizing potential of microalgal digestates using the marine diatom 
Chaetoceros muelleri  
 
Overview 
In the previous chapter, the anaerobic digestion of pre-treated C. muelleri biomass under continuous 
conditions was evaluated. In this chapter, the fertilizer potential of the digestate generated in this 
process is evaluated. A full description of nutrient values in the feed and effluent of both reactors 
during all the experimental period is shown in Table i. Although values differ considerably between 
batches, all digestates have a high concentration of nutrients available that can be used for algae 
cultivation. The second batch reported the highest concentration of soluble nutrients. This could be 
related to the low biogas production reported during this period probably due to ammonium inhibition. 
On the other hand, in all the cases, the soluble nitrogen that goes into the system was 100% recovered, 
while the phosphorous recovery was more variable (45-100%). Similarly, although the values differ 
between batches, the mineralization of nutrients followed the same trend, with a positive mineralization 
of nitrogen, while phosphorous in general reported negative values (Figure i). All the batches, except 
for the second batch, reported nitrogen mineralization rates above 50% while the values for 
phosphorous mineralization were more variable between batches. The main difference was observed 
for the 5
th
 batch where both nutrients reported positive values of mineralization with both treatments 
(whole and lipid extracted biomass). My results support the general trend of nutrient mineralization 
during anaerobic digestion of different feedstocks where soluble nitrogen is liberated but phosphorous 
is kept immobilized in the solid phase of digestate (Zhang et al., 2014, Yilmazel and Demirer, 2011, 
Balasubramanian and Bai, 1992). This has been explained as the ability of phosphorous to precipitate 
as metal phosphates like struvite (MgNH4PO4
.
6H2O) and is related to pH increment during anaerobic 
digestion (Marti et al., 2008).   
In order to evaluate the fertilizer potential of the digestate as part of an integrated biorefinery of 
biodiesel and biogas production, the digestate from reactor 2 in phase 2 (lipid-extracted biomass 
digested) was selected. The main hypothesis of this part of the project was that the immobilized 
nutrients would be liberated by aerobic digestion during algae culture. Therefore, liquid digestate and 
biosolids were evaluated as a culture medium for this species.  
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Table i. Comparison in the nutrient balance between the continuous reactors under study 
 
 
Batch Reactor TKN (mg L
-1
) N-NH4 (mg L
-1
) TP (mg L
-1
) P-PO4 (mg L
-1
) 
 1 
1 
1 
Feed  976.1 ± 11.9 89.7 ± 2.8 260.9 ± 1.8 160.3 ± 2.6 
Effluent 1156.1 ± 101.0 654.5 ± 37.6 374.6 ± 59.7 151.2 ± 9.6 
2 
Feed  991.5 ± 19.7 87.3 ± 4.6 263.1 ± 3.7 161.3 ± 2.8 
Effluent 1072.3 ± 72.7 704.1 ± 69.5 278.9 ± 16.4 164.8 ± 16.0 
2 
1 
Feed  2275.3 ± 19.8 516.1 ± 72.3 452.7 ± 4.3 331.9 ± 10.6 
Effluent 1495.4 ± 56.4 897.1 ± 66.4  335.9 ± 6.6 150.0 ± 4.0 
2 
Feed  2266.7 ± 86.2 533.3 ± 78.0 446.7 ± 8.1 335.0 ± 10.9 
Effluent 1511.1 ± 63.9 919.5 ± 62.2 301.0 ± 8.1 151.8 ± 2.4 
4 
1 
Feed  952.1 ± 14.1 116.4 ± 5.6 336.6 ± 2.6 221.8 ± 4.3 
Effluent 1289.2 ± 72.6 835.0 ± 63.8 336.8 ± 7.4 178.9 ± 3.4 
2 
Feed  944.9 ± 13.2 171.9 ± 54.6 340.0 ± 2.0 213.4 ± 6.9 
Effluent 1327.3 ± 74.2 853.4 ± 66.7 338.1 ± 7.5 179.3 ± 2.4 
2 5 
1 
Feed  1024.6 ± 33.4 66.9 ± 3.7 274.9 ± 6.6 115.5 ± 7.2 
Effluent 1054.9 ± 19.1 478.8 ± 12.1 315.1 ± 5.0 188.0 ± 3.3 
2 
Feed  821.1 ± 27.1 68.6 ± 7.4 260.4 ± 7.5 140.9 ± 12.0 
Effluent 923.8 ± 18.9 473.2 ± 12.5 276.1 ± 10.0 184.9 ± 4.4 
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Figure i. Percentage of nitrogen and phosphorus mineralization during anaerobic digestion of C. muelleri 
pre-treated with osmotic shock. Insufficient data were collected for batch 3. Batch 5 corresponds to a 
comparison between osmotically-shocked biomass (Reactor 1) and lipid-extracted biomass after osmotic shock 
(Reactor 2). 
 
 
 
 
Highlights  
 
 
 A high fertilizer potential of algae digestate, superior to commercial medium was 
demonstrated 
 Liberation of immobilized nutrients by aerobic digestion enhances algae growth 
 Biosolids suspended on the culture medium does not delay algae growth by light inhibition  
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Abstract 
 
Algae-based biofuels have been explored as a sustainable alternative to first generation biofuels. 
However, there are several constraints to overcome in order to make this system economically viable at 
large scale, including eliminating or reducing the cost of fertilizers. Anaerobic digestates have shown to 
be a valuable source of nutrients for algae cultivation. In this study, we evaluated the fertilizing 
potential of algal digestates with the microalga Chaetoceros muelleri. Nutrient concentrations in the 
solid and liquid phase of the digestate were evaluated as well as its mineralization potential by aerobic 
digestion. The results demonstrate the potential for fertilizer applications. Additional nutrients were 
released from biosolids by aerobic digestion, further enhancing algal growth.  
 
Keywords: Anaerobic digestate; biosolids; microalgae cultivation; nutrient recycling 
 
1. Introduction 
 
To address the negative impacts of global warming as a consequence of fast population growth the 
development of sustainable energy is required. Microalgae are being explored as an attractive source of 
energy and a promising alternative to traditional biofuels (Brennan and Owende, 2010). However, 
algae-based biofuels still have some economic and technical bottlenecks that jeopardize their potential 
and restrict their application at a commercial scale (Slade and Bauen, 2013, Scott et al., 2010). One of 
the main concerns to make biofuels economically viable is the high cost of fertilizers required for mass 
algae cultivation, which corresponds to around 5.5% of the total production cost (Jones and Mayfield, 
2012, Davis et al., 2011, Slade and Bauen, 2013). To address this, wastewater (Pittman et al., 2011, 
Park et al., 2011) or anaerobic digestates (Alburquerque et al., 2012, Bjornsson et al., 2013) have been 
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suggested as sources of nutrients for algae cultivation. Particularly the use of anaerobic digestates as 
culture medium is a focus of research as part of the integration of biodiesel and biogas production 
(González-González et al., 2018).  
Anaerobic digestates have been proposed as important products of the anaerobic digestion process 
based on their great potential as fertilizers (Alburquerque et al., 2012, Uggetti et al., 2014). Many 
studies have shown the suitability of digestates from different substrates (e.g. vinasse, wastewater, 
manure) as culture media for algal growth. These studies suggest that digestates could be a suitable 
source of nutrients that can significantly reduce biomass production cost (Budiyono et al., 2014, Phang 
et al., 2000, Cai et al., 2013, Ji et al., 2014, Uggetti et al., 2014). However, the use of algal digestates as 
a source of nutrients for algal growth has been poorly studied, despite being a promising way to 
develop a closed nutrient loop of algae-based biofuel production. Although some authors have reported 
the high potential of algal digestates as algal culture medium (Sforza et al., 2017, De Schamphelaire 
and Verstraete, 2009), these studies have focused only on the liquid phase of the digestate. However, 
the solid fraction of anaerobic digestates (biosolids) has an important amount of nutrients that could be 
liberated to enhance algal growth. Around 48-86% of total phosphorous and 15-41% of total nitrogen 
remain immobilized in the biosolids (Mayers et al., 2017, Romero-Güiza et al., 2016, Cai et al., 2013). 
The use of solid digestates for agricultural production has shown that the immobilized nutrients can be 
released under aerobic conditions, providing an alternative to commercial fertilizers (Tambone et al., 
2015, Chiyoka et al., 2014). A main concern for their use in algae cultures is the increase in the 
turbidity of the culture medium which can lead to lower productivities (Martínez et al., 2018). 
Although the use of liquid digestate increases the turbidity, it can be diluted with water to avoid light 
inhibition (Prajapati et al., 2014, Budiyono et al., 2014). 
In this study, the fertilizer potential of the digestate from the anaerobic digestion of lipid extracted 
biomass was evaluated with the diatom Chaetoceros muelleri. Besides the liquid phase of digestate as 
the main culture medium, biosolids were evaluated as an additional source of nutrients. We 
hypothesized that nutrients from biosolids can be released slowly by aerobic digestion (i.e. 
biodegradation by the associated aerobic bacteria in the culture medium in the presence of oxygene generated 
from microalgae) providing a continuous supply that can enhance algal growth. An organic matter 
fractionation methodology was applied to predict the amount of immobilized nutrients that could be 
liberated during algae cultivation.  
 
117 
 
2. Materials and methods 
 
2. 1. Anaerobic digestate and microalgae cultivation 
Anaerobic digestate was collected from the operation of a 1.5L continuous reactor digesting lipid-
extracted C. muelleri biomass. The chemical composition is shown in Table 1. The effluent was kept at 
4 °C before use. The marine diatom C. muelleri CS-176 was provided by the CSIRO Algal Culture 
Collection (Hobart, Tasmania). The strain was cultivated in F/2 medium (Guillard, 1975) in artificial 
seawater (Aqua Sonic sea salt) and the stock culture for growth trials was maintained in 250-mL 
Erlenmeyer flasks at 28 °C and artificial illumination with fluorescent lamps at a photon flux of 300 
mol-2s-1. An aeration system equipped with 0.22 µm PES filters maintained cultures under continuous 
agitation. 
 
Table 1. Chemical characterization of the anaerobic digestate used as culture medium  
Anaerobic digestate composition 
pH 7.0 
TS (g kg
-1
) 13.81 
VS (g kg
-1
) 5.44 
COD (g kg
-1
) 10.98 
TKN (mg L
-1
) 874.11 
TP (mg L
-1
) 261.41 
NH4-N (mg L
-1
) 381.90 
PO4-P (mg L
-1
) 149.14 
 
TS = Total Solids; VS = Volatile Solids 
COD = Chemical Oxygen Demand, 
TKN = Total Kjeldahl Nitrogen; TP = Total Phosphorous 
 
2.2. Bioavailability of nutrients 
The bioavailability of nutrients in the anaerobic digestate was tested by applying the organic matter 
fractionation method described by Jimenez et al. (2015), which divides the digestate in different 
fractions according to its accessibility. The method was applied to obtain the first three fractions 
described by Jimenez as 1) soluble fraction from particular extractable organic matter (SPOM), which 
includes proteins and sugars,  2) readily extractable organic matter (REOM), including exopolymeric 
substances, proteins, nucleic acids, sugars, and lipids and 3) slowly extractable organic matter (SEOM), 
composed of proteins, humic substances and remaining lipids. The liquid fraction corresponds to the 
dissolved organic matter (DOM) and the residual to the non-extracted organic matter (NEOM). The 
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results describe the way in which the immobilized nutrients could be liberated (mobilized) by aerobic 
digestion during algae cultivation.  
2.3. Growth and biomass evaluation  
2.3.1. Culture growth 
 
Culture growth in each treatment was evaluated by cell counts according to the procedure described by 
Guillard and Sieracki (2005). After vortexing for 10 min, 10-μL aliquots of each preserved sample 
were added to a hemocytometer (Neubauer chamber 0.1 mm depth) and allowed to settle.  Cells were 
counted immediately or photographed for later evaluation by using the bright-field mode of an 
Olympus CX-21LED stereomicroscope and a 5MP c-mount digital camera. The four corner squares or 
central square (each 1 mm
2
) were used depending on the culture density and at least 200 cells were 
counted per sample. The procedure was repeated three times for each sample and values were 
averaged.   
2.3.2. Growth rate 
 
Algal growth rate was determined based on the exponential phase of each treatment according to the 
formula: 
   𝜇 = ln (N2/N1)/(t2 − t1) 
Where N1 and N2 are the cell concentrations at the beginning (t1) and at the end (t2) of the exponential 
phase, respectively. 
2.3.3. Chlorophyll analysis 
 
Chlorophyll concentration was determined in all samples taken on the last day of the second growth 
trials experiment (section 2.6.2). A total of 15 mL of culture were centrifuged at 4,000 g for 10 min, the 
supernatant was discarded and 3 mL of 90% methanol were added to the pellet. The mixture was kept 
at 4 °C overnight and centrifuged again. The absorbance of the pooled extracts was measured at 470, 
652 and 665 nm. Chlorophyll was calculated based on Lichtenthaler equations (Lichtenthaler, 1987). 
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2.4. Chemical analysis 
Total solids (TS) and volatile solids (VS) of the digestate were measured according to standard method 
procedures 2540G (Franson et al., 2005). COD was measured using Merck Spectroquant®cell 
determinations and an SQ 118 Photometer (Merck, Germany). For measurement of ammonia-nitrogen 
(NH4-N) and phosphate-phosphorus (PO4-P), samples were centrifuged at 2,500 g for 5 min and then 
filtered through a syringe filter (0.45 µm PES membrane) immediately after collection and stored at 
4°C prior to analyses. Total Kjeldahl nitrogen (TKN), total phosphorus (TP), NH4-N, and PO4-P were 
measured using a LachatQuik-Chem 8000 Flow Injection Analyser (Lachat Instrument, Milwaukee).  
2.5. Statistical analysis 
Data were first analyzed by one-way ANOVA and then by LSD post hoc analysis or by Student’s t-test. 
Both analyses were set at P <0.05. All statistical analyses were performed with the Statistica 10 
software (Tibco Statistica, Palo Alto, CA). 
2.6. Experimental setup 
2.6.1. Algal growth in liquid digestate 
Culture growth of C. muelleri was evaluated in three different concentrations of the liquid phase of the 
digestate (by diluting with deionized water) in order to determine the optimal concentration of nutrients 
for best growth. Silica (0.1 mM) was added to each treatment for frustule formation. The liquid phase 
of the digestate corresponds to the supernatant obtained by centrifugation at 4,000 g for 10 min. Two 
culture media were used as controls: F/2 medium with NO3
-
 as a source of nitrogen (NaNO3) and F/2 
with NH4
+
 as a source of nitrogen (NH4Cl). NH4-N and PO4-P concentrations at different digestate 
dilutions for each treatment are shown in Table 2. All treatments were performed in triplicates. Algal 
growth was tested in batch cultures by inoculating 20 mL of C. muelleri stock (during exponential 
phase) in 180 mL of culture medium (10% v/v inoculum) reaching an algal concentration of around 1.2 
x 10
6
 cells mL 
-1
 for each treatment and replicate. A volume of 0.5 mL of culture from each 
experimental unit was removed every day, fixed with Lugol´s solution and kept in the refrigerator for 
future cell counts (maximum 2 weeks). The experiment was carried out until all cultures reached 
stationary phase.  
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Table 2. Ammonium-derived nitrogen and phosphate-derived phosphorus concentrations at different 
digestate dilutions. 
  Nutrient concentration (mg L
-1
) 
  
18x 
dilution 
26x 
dilution 
45x 
dilution 
Synthetic F/2-NO3 Synthetic F/2-NH4 
N-NH4 20.32 14.23 8.13 12.35 13.99 
P-PO4 8.25 5.78 3.30 1.12 1.12 
N/P 2.5 2.5 2.5 11.0 12.5 
 
2.6.2. Algal growth in solid and liquid digestate and nutrients mobilization 
Once the optimal liquid digestate dilution was established with the first growth trials experiment 
(section 3.6.1), the fertilizer potential of the biosolids was evaluated. Culture growth and nutrient 
mobilization (liberation and consumption) in the solid and liquid phase of the anaerobic digestate were 
tested in growth trials with different treatments as detailed in Table 3. The digestate concentration that 
reached the best growth (18x dilution), as determined by previous experimental results, was used. The 
nitrogen concentration in this dilution was used as a reference for the experimental design of all 
treatments, so that the same amount of ammonium was available (according to the fractionation 
results), either directly or after liberation by aerobic digestion during cultivation. Biosolids were 
obtained after centrifuging the digestate at 4,000 g for 10 min. The pellet was collected in a woven 
fabric, sealed and suspended in the culture as a “tea bag”. All treatments were performed in triplicates. 
For each replicate, algal growth was evaluated in batch cultures of 200 mL, for which 20 mL of algal 
culture in exponential phase (1.2 x 10
6
 cells mL
-1
) were added (except in the negative controls 1 and 2).  
The experiment was carried out for 7 days when culture growth in the positive control reached 
stationary phase (i.e. when no significant growth was observed). Cell density was measured daily and 
in every sample the final chlorophyll concentration was determined. The concentration of soluble 
nutrients (NH4
+
, NO3
-
 and PO4
3-
) in all treatments was measured in the culture medium at the beginning 
and the end of the experiment in order to determine the percentage of nutrients consumed by 
microalgae. In addition, the liberation of soluble nutrients by aerobic digestion was evaluated in the 
negative controls 1 and 2, where no algal culture was added. 
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Table 3. Experimental design of growth trials with liquid and solid phase of anaerobic digestate
  
Treatment 
Culture medium 
C.muelleri culture 
Liquid 
digestate 
Solid digestate Synthetic F/2-NH4 
Negative control 1          
Negative control 2  
  
  
 Positive control     
  
  
Treatment 1 (LD)     
  Treatment 2 (SD)   
 
  
 Treatment 3 (LS)       
 Treatment 4 (D)*         
*In treatment 4 the digestate was used without the separation of liquid and solid phase.  
 
3. Results and discussion 
 
3.1. Nutrient bioavailability 
The bioavailability test revealed important differences between the liberation of phosphorous and 
nitrogen (Figure 1). Unlike the common trend of a higher immobilization of phosphorous in anaerobic 
digestates described by several authors (Zhang et al., 2014, Güngör and Karthikeyan, 2008, Massé et 
al., 2007, Balasubramanian and Bai, 1992), our results support former studies of algal digestates where 
the immobilization of nitrogen was higher (Alcántara et al., 2013, Ayala-Parra et al., 2017, Bohutskyi 
et al., 2015). According to our results, 55% of the total nitrogen remained immobilized in the solid 
digestate (i.e. SPOM, REOM, SEOM, and NEOM fractions) while only 32% of total phosphorous 
remained immobilized and 68% was liberated from the different fractions. A higher percentage of 
soluble nutrients (38% for NH4
+
 and 50% for PO4
3-
) was found in the liquid phase of the digestate, 
which corresponds to the dissolved organic matter (DOM). Between the solid fractions (SPOM, 
REOM, and SEOM), just 6% of nitrogen was liberated, while 17% of phosphorous was liberated from 
biosolids mostly from the SEOM fraction, which corresponds mainly to proteins, lipids, and humic 
substances. It seems that the immobilization of phosphorous in the biosolids is significantly lower in 
algal digestates in comparison with digestates from other feedstocks. For instance, Alcántara et al. 
(2013) reported up to 89% of soluble phosphorous in the resulted digestate from the anaerobic 
digestion of the microalga Chlorella sorokiniana, while Bohutskyi et al. (2015) and Ayala-Parra et al. 
(2017) recovered up to 70% and 94%, respectively, of soluble phosphorous with the anaerobic 
digestion of lipid extracted algal residues. In contrast, Güngör and Karthikeyan (2008) reported just 7% 
of soluble phosphorus in the anaerobic digestate from dairy manure, while Wahal (2010) found less 
than 5% of soluble phosphorous in digested dairy waste. This trend could be explained by the 
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accumulation of polyphosphates in algal cells that are released under anaerobic conditions (Alcántara et 
al., 2013) and enrich the anaerobic effluent. On the other hand, soluble nitrogen concentration was low 
when compared to other studies with different digestates. For instance, Field et al. (1984) reported up 
to 67% of nitrogen in the liquid digestate from anaerobically digested manure, while  Massé et al. 
(2007) found 62% of nitrogen in the liquid digestate from swine manure. This could be related to the 
lower C/N ratio of algal sludges which reduces their digestibility (Prajapati et al., 2014, Ward et al., 
2014), resulting in higher concentrations of immobilized nitrogen when compared to other substrates 
such as animal manures or vegetable wastes. Despite nitrogen immobilization, the ammonium 
concentration in the anaerobic digestate was high enough to support algal growth.  
 
 
 
Figure 1. Distribution of soluble nitrogen (NH4) and phosphorus (PO4) after applying organic matter 
fractionation methodology to anaerobic digestate. 
 
 
3.2. Algal growth in liquid anaerobic digestate 
Best growth was obtained with the lowest dilution (18x), which corresponds to the highest 
concentration of nutrients and is almost double the concentration of nitrogen in commercial medium. 
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However, there were no significant differences between this treatment and the one with approximately 
the same nitrogen concentration of commercial medium (26x) and between these two and the two 
commercial media used as controls. The main difference was found for the treatment with the highest 
dilution (45x) and lowest nutrient concentration which reported the lowest growth rate and culture 
density (Figure 2). These results reveal a satisfactory efficiency of the digestate as a culture medium. 
Similar microalgal growth in anaerobic digestates derived from algae when compared to commercial 
medium has been reported by some authors (del Mar Morales-Amaral et al., 2015, Iyovo et al., 2010). 
Conversely, anaerobic digestates from other feedstocks have shown to be less efficient as algae culture 
medium in comparison to commercial media (Silkina et al., 2017, Franchino et al., 2013).  Besides the 
higher amount of soluble phosphorous available, algal digestates have the advantage of a higher level 
of magnesium which is a main component of chlorophyll molecules and therefore an essential 
macronutrient for microalgae (Bjornsson et al., 2013). According to these results, 18x dilution was 
selected for the next experiment with biosolids. Contrary to other studies in which a low dilution 
reported negative results due to light inhibition (Crofcheck and Crocker, 2016, Wang et al., 2010, Cai 
et al., 2013), C. muelleri did not appear to be affected by the turbidity generated by the small suspended 
particulates in the digestate. Besides, in order to obtain results that can be applied at a large scale, a 
lower utilization of water would be considered more sustainable. 
 
 
 
Figure 2. Main results from growth trials with liquid digestate. (A) Growth rate (B) Final culture density. 
Different lower case letters indicate significant differences ((A) F4,10 = 2.584; p = 0.102 (B) F4,10 = 1.898; p = 
0.187). Data are shown as mean ± SE, n = 3.  
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3.3. Algal growth on biosolids from anaerobic digestate  
The results revealed that C. muelleri grows better in digestate medium when compared to commercial 
medium, which confirms the results from the first growth trials. None of the measured variables 
differed significantly between treatments that included liquid digestate (LD, LS, and D), while the 
provision of nutrients from biosolids only (SD) yielded results similar to those of the positive control 
(Figure 3). To our knowledge, this is the first study that evaluates the liberation of nutrients from 
biosolids for algal growth. Our results confirm the hypothesis that nutrients are liberated by aerobic 
digestion and enhance algal growth. The algal digestate of this study not just provided a higher 
concentration of soluble nutrients in comparison to commercial medium, but also an important 
concentration of immobilized nutrients in biosolids that are liberated gradually by aerobic digestion.  
 
 
Figure 3. Main results from growth trials with solid and liquid digestate. (A) Growth curve through 
experimental time. (B) Growth rate. (C) Final chlorophyll concentration. Different lower case letters indicate 
significant differences ((A) F4,10 = 10.43; p = 0.001 (B) F4,10 = 13.30; p = 0.001 (C) F4,10 = 2.57; p = 0.103). Data 
are shown as mean ± SE, n = 3. 
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However, there was no effect of enclosing biosolids in “tea bags” to avoid light inhibition. These 
results are encouraging for upscaling because the separation of the liquid and solid phase of the 
anaerobic digestate requires the use of a centrifuge, which implies a high energy cost and reduces the 
sustainability of the system.Supplementation of nutrients with digestate is a suitable way to enhance C. 
muelleri growth and can be implemented at a large scale at low cost. However, the application to other 
species requires further research as other microalgal species can be more sensitive to shading caused by 
particles in the digestate.  
 
3.4. Nutrient mobilization 
More than 95% of the nutrients were consumed in all treatments except in the solid digestate treatment 
in which more than 10% of phosphorus was still available in the culture medium (Figure 4A). It was 
assumed that all the ammonium (NH4
+
) was consumed by the culture since the pH remained below 7, 
where ammonia (NH3) evaporation does not occur (Guenther, 2012). On the other hand, as predicted by 
the fractionation methodology, phosphorous was liberated at a higher range than nitrogen from the 
liquid and solid digestate (Figure 4B). While the concentration of nitrogen increased by 50% in both 
controls, the liberation of phosphorous showed a different trend. Phosphorous concentration increased 
around 1.5-fold the initial concentration in control 1 (liquid digestate) and more than 5-fold the initial 
concentration in control 2 (solid digestate). 
These results reveal three things: First, there are immobilized nutrients in the liquid phase of digestate 
that can be mineralized by aerobic digestion. Second, nitrogen immobilized in the solids can be 
liberated from the soluble extractable fraction from particular organic matter (SPOM), which can also 
be found in the liquid phase of the digestate. This explains the similar liberation percentage in both 
digestate phases. Third, phosphorous immobilized in the solids can be liberated by aerobic digestion 
from different fractions. The higher increase in soluble phosphorous in control 2 corresponds to the 
deeper fractions in the biosolids that have been removed from the liquid digestate. As oxygen 
production during algae cultivation can be growth-limiting, the oxygen consumption during aerobic 
digestion may further enhance algal growth.  
Finally, our results reveal the efficiency of the fractionation methodology applied to predict nutrient 
liberation from solid and liquid digestates and its potential as algae culture medium. This is an easy 
way to estimate the applicability of a given digestate and to calculate the concentration needed 
according to the requirements of the targeted species.  
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Figure 4. Mobilization of nutrients during growth trials with solid and liquid digestate. (A) Percentage of 
nutrients consumption in growth trials. Different lower case letters indicate significant differences ((NH4) F4,10 = 
13.30; p=0.001 (PO4) F4,10 = 13.40; p=0.001).  (B) Percentage of nutrient increments in controls. Different lower 
case letters indicate significant differences at P<0.05 by Student’s t-test. Data are shown as mean ± SE, n=3.  
 
4. Conclusions 
 
The results presented in this work are a step forward towards the knowledge of the fertilizer potential 
of algal digestates and give a preliminary idea of the potential of biosolids as an alternative culture 
medium. Nutrients recycled through anaerobic digestion enable the development of a closed nutrient 
loop where biosolids and liquid phase of digestate are enough to supply nutrient requirements for algal 
growth. Aerobic digestion during algae cultivation liberates the nutrients in the biosolids, which 
enhances algal growth by providing a continuous supply. 
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CHAPTER 6: Optimization of a closed nutrient loop for algae-based biofuels production 
 
The integration of algae-based biodiesel and biogas production in a closed nutrient loop has been fully 
explored with a special focus on its potential scalability. The general concept of an integrated process 
through anaerobic digestion has been described in Chapter 1, where some of the main limitations of 
this biorefinery have been highlighted. The optimization of this process requires a detailed evaluation 
of each phase of the loop in order to minimize production costs and at the same time provide a 
sustainable alternative.  
This study focused on the optimization of three main aspects of the biorefinery proposed: 1) Algae 
degradability; 2) Lipid extraction process and 3) Nutrients recycling. The novel methodologies 
explored in this research were designed in order to provide the basic knowledge that eases its 
application on a large scale.  
Osmotic shock to enhance algae degradability  
A critical aspect to consider in the design of a suitable system is the species selection based on its 
degradability potential. In this study, I evaluated three species with different kinds of cell walls and I 
demonstrated how important this feature is for the cell degradability that will facilitate lipid extraction 
and anaerobic digestion.  For instance, the rigid cell wall of Scenedesmus dimorphus limited its 
degradability in the digestion process to around 28%, producing a methane yield of 199 mL g VS
-1
 
(Chapter 2). With these results, the necessity to select species with thinner cell wall was clear as well as 
the necessity to find a suitable pre-treatment that could be easily applied at a large scale.  For this 
purpose, the marine species Dunaliella salina and Chaetoceros muelleri were selected. While D. salina 
is enclosed in a thin plasma membrane, C. muelleri is a diatom protected by a silica frustule which can 
be easily broken by reducing the amount of silica in the culture medium.    
Pre-treatments have been suggested as an efficient way to enhance lipid extraction (Lee et al., 2017) 
and biogas production (Passos et al., 2014). Therefore, after a preliminary evaluation of the effect of 
different pre-treatments on cell disruption (Box 1), osmotic shock was selected as the pre-treatment 
with the highest potential to be applied at a large scale. In this scenario, rainwater can be collected to 
make the system more sustainable. 
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Box 1. Validation of osmotic shock as the most suitable pre-treatment 
Different pre-treatments were evaluated using the marine diatom Chaetoceros muelleri. The algal slurries for pre-
treatments were prepared by mixing the harvested biomass paste with seawater (in a paste:water ratio of 1:5) , except 
for the osmotic shock treatment in which seawater was replaced by deionized water. 
- Osmotic shock: the paste of C. muelleri underwent osmotic shock through mixing with deionized water  
- Sonication: 50 mL of C. muelleri slurry were transferred to glass tubes and underwent sonication using a sonicator 
(Vibracell VC 50 T) at a constant frequency of 20 KHz and 50 W of power for 5 minutes. 
- UV-C light radiation: 50 mL of C. muelleri slurry were distributed in glass plates and then radiated in a GS Gene 
Linker UV chamber (BIO-RAD) at 1000 mJ (253 nm wavelength) for 10 min.  
- One shot: Cells of 50 mL slurry were lysed at 20 kPSI using an OneShot instrument (Constant Systems, UK) 
- Heat: 50 mL of C. muelleri slurry were transferred to glass tubes and placed in a water bath heated up to 60°C and 
kept at this temperature for 10 min. 
Degradability test: A stock solution of 5 mM SYTOX Green (Invitrogen, Ltd., UK) in dimethyl sulfoxide (DMSO) 
was used for staining of the damaged cells. A total of 0.5 µL of this solution was used for staining 0.5 mL of cell 
suspensions followed by 5 min incubation at room temperature in the dark. The fluorescence was measured by a 
GloMax®-Multi Microplate Multimode Reader at 485/540 nm excitation/emission wavelengths. 
 
 
 
Figure 1. Effect of pre-treatments on cell disruption 
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Osmotic shock was initially evaluated as a pre-treatment for lipid extraction and the leftovers were 
used as feedstock for anaerobic digestion (Chapter 3). After the osmotic shock, 72% of the lipids were 
removed from C. muelleri biomass, while just 21% were removed from D. salina.  Although both 
species reported a satisfactory production of biomethane, the values obtained with the anaerobic 
digestion of C. muelleri were higher than those from D. salina. Based on these results, C. muelleri was 
selected as the target species for the following phases of the proposed closed nutrient loop.  
The effect of osmotic shock on biogas production of C. muelleri biomass was evaluated in Chapter 4 
through biomethane potential tests. A positive effect was observed with an increment of biogas 
production by around 35% and a final methane yield of 521 mL CH4 g VS 
-1
 fed, which is one of the 
highest reported to date for pre-treated microalgae (Montingelli et al., 2015). This value was then 
confirmed through 7 months of operation of continuous reactors digesting pre-treated biomass. During 
this period, the methane yield on average fluctuated around 600 mL CH4 g VS
-1
 fed. 
These results reveal the high potential of osmotic shock as pre-treatment for both, lipid extraction and 
biogas production in species with a thin and/or weak cell wall. It is important to mention that 
freshwater species should be avoided since the osmotic shock (in this case with saltwater) will increase 
the salinity of the biomass and this could inhibit the methanogenic activity (Chen et al., 2008). On the 
other hand, osmotic shock on marine species reduces the possibilities of sodium toxicity by lowering 
salinity levels on the biomass. Therefore, this pre-treatment could be an interesting option to develop 
further research with marine species which to date are very scarce (González-González et al., 2018). 
On the other hand, although silica concentration in the digested biomass was low due to the starvation 
at harvesting time, it is recommended to evaluate its concentration for future studies in order to avoid 
the presence of siloxanes (Sumper and Kröger, 2004) in the resulting biogas which will require a 
purification process (Abatzoglou and Boivin, 2009). 
 
Wet and solvent-free lipid extraction 
 
Wet and solvent-free lipid extraction is proposed as an easy and sustainable methodology that can be 
applied in combination with osmotic shock on species with a thin cell wall.  Lipid extraction from wet 
biomass simplifies the system and makes it economically more viable since the traditional drying 
process is energy-intensive and costly (Ghasemi Naghdi et al., 2016). After the osmotic shock, the 
internal lipids are liberated and can be easily recovered in the supernatant by simple centrifugation 
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without the use of any solvent. This is a very clean methodology that avoids the use of chemical 
solvents that can inhibit the digestion process.  
This methodology was initially evaluated in Chapter 3 with the microalgae C. muelleri and D. salina. 
As discussed above, lipid extraction was more effective with C. muelleri due to a higher cell disruption 
after osmotic shock.  However, even with a very low percentage of cell disruption in D. salina, up to 
21% of its lipids were recovered which suggests a higher percentage of extraction is possible if a more 
suitable pre-treatment is applied.  
On the other hand, the extraction process with C. muelleri was highly efficient since more than 70% of 
the total lipids were recovered.  However, since the goal of the system was to digest the lipid extracted 
biomass, when the extraction was realized with the volumes of biomass required to run continuous 
digesters, the percentage of extraction decreased to 47% (Chapter 4). This was a result of a less 
efficient separation process when centrifuging higher volumes of biomass, which required another step 
to concentrate the lipids in a sole layer. By changing the pH to 11 before centrifugation, most of the 
lipids concentrated in an upper layer that was easily removed. However, some lipids remained in the 
supernatant and were mixed with the remaining biomass to be used as feedstock for the anaerobic 
digesters. The scalability of this methodology needs further research in order to develop a more 
efficient methodology that concentrates all the lipids liberated after osmotic shock. Furthermore, the 
evaluation of alternative techniques for oil recovery is encouraged since centrifuging is a high energy 
demand process.  
 
Fertilizer potential of digestates 
The fertilizer potential of algal digestates was demonstrated with the successful cultivation of the 
species Scenedesmus dimorphus and Chaetoceros muelleri. The use of the liquid phase of digestates as 
culture medium has been evaluated in several studies (Mayers et al., 2017, Zhang and Ogden, 2017, 
Sforza et al., 2017, Prajapati et al., 2014) and it was the first approach of this research (Chapter 2). 
However, the separation of the liquid and solid phase of the digestate is time and energy consuming 
which increases production costs. Besides, biosolids contain an important amount of nutrients that can 
be liberated during algae cultivation by aerobic digestion enhancing the fertilizer potential of the 
digestates. In the final stage of this study (Chapter 5), biosolids were evaluated as a source of nutrients 
in order to exploit more efficiently all the nutrients recovered in the anaerobic digestates. The results 
confirmed the fertilizer potential of liquid algal digestate and revealed the additional potential of 
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biosolids. Aerobic digestion during algae cultures liberates the nutrients in the biosolids acting as a 
continuous culture system and enhances algae growth. The cultivation of C. muelleri was successful 
with all the treatments that included liquid digestate and no significant differences were revealed by 
enclosing biosolids in “tea bags” in order to avoid light inhibition. The use of the complete digestate as 
culture medium is highly desirable for the simplicity, economy, and sustainability of the system since 
the separation of the liquid and solid phase is time and energy consuming. However, these results 
should not be extrapolated to other species as they can be more sensitive to the light inhibition that can 
be generated from the suspended bioparticles of the digestate. For instance, the results from chapter 2 
revealed a higher sensitive of S. dimorphus to shading since a better growth was obtained with 36x 
dilution while C. muelleri growth increased with the lowest dilution (18x).Therefore, is likely that 
digestate phases separation would be beneficial for a better growth at large scale of this species.  
Closing remarks and future prospects 
The results presented in this study are a step forward towards the optimization of an algae-based 
biorefinery. The microalga Chaetoceros muelleri is proposed as an ideal model to develop the full 
nutrient loop at a large scale. Osmotic shock has been evaluated as an efficient pre-treatment for both, 
lipid extraction and biogas production on this species, and wet extraction reported a high percentage of 
efficiency without the use of chemical solvents reducing this way production costs and avoiding 
anaerobic digestion inhibition. However, the lipid extraction process needs to be optimized in order to 
be applied at a large scale as the concentration of lipids that can be easily removed (concentrated in a 
sole layer) from large amounts of biomass is low compared with the amounts of lipids actually 
extracted after osmotic shock and centrifugation. The anaerobic digestion of pre-treated C. muelleri 
generates one of the highest methane yields reported to date for microalgae (around 600 mL CH4 g VS
-
1
 fed) and the removal of lipids did not change significantly this value.  Besides, the use of the digestate 
without phase separation as culture medium is an efficient alternative that minimizes energy 
consumption and facilitates the scalability of the system. 
On the other hand, the anaerobic digestion of Scenedesmus dimorphus generated an average methane 
yield of 199 mL g
−1
 VS fed through 2 months of digestion in a 10 L continuous reactor. Although this 
value is low, the methane potential of this species is high considering the low percentage of cell 
degradation during digestion. Future research should focus on the evaluation of a suitable pre-treatment 
that easily breaks the thick cell wall of S. dimorphus that prevents its digestibility.  In this case, osmotic 
shock is not recommended since the addition of sea water would increase the salinity of the biomass 
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which could inhibit the anaerobic digestion process. Another pre-treatments such as low nitrogen 
(Klassen et al., 2015) thermal (Keymer et al., 2013) or enzymatic hydrolisis (Mahdy et al., 2016) have 
reported positive results for this genus. Further research with this species is encouraged due its facility 
to be cultivated at large scale. 
Similarly, the marine species Dunaliella salina revealed a high potential for the biofuel industry and is 
easily cultivated in open ponds. Besides the high capability for lipid accumulation, D. salina achieved a 
methane yield of 364 mL CH4 g VS
-1 
after osmotic shock and lipid extraction. Similar to S. dimorphus, 
this value is high considering the low efficiency of osmotic shock on cell disruption, and a higher 
methane yield could be expected if a more effective pre-treatment is applied. Further studies to 
optimize the degradability and lipid extraction process of this species are highly encouraged 
considering the great potential revealed in this study.  
Overall, this project has provided some important insights towards the optimization of an integrated 
biorefinery through anaerobic digestion and nutrient recycling by covering the main aspects that 
jeopardize the suitability of biodiesel production. Aiming to assure its scalability, the system was 
evaluated in the simplest and less energy demanding way. Therefore, the sterilization of the anaerobic 
digestate for algae cultivation was not considered and the results represent a reliable sample of the 
possible outcomes at large scale, where contamination is more feasible. In order to further optimize this 
biorefinery, future studies should evaluate less energy demanding alternatives for lipid recovery since 
centrifugation has a negative impact in the overall energy and economic balance. 
Large-scale implementation of the findings from this thesis would be needed for a realistic techno-
economic analysis. However, based on preliminary studies (Ryan, 2016), a projected economic balance 
for two biorefineries has been detailed in tables 1 and 2. Table 1 uses the concept of nutrient recycleing 
for the production of fuel and electricity (from biogas) which has been developed in this thesis, while 
table 2 shows costs of a system for the production of oil and protein-rich biomass without nutrient 
recycling. Although the total production cost for the second system is lower, the energy required is 
higher and nutrients are sourced unstustainably from mineral fertilizer. In contrast, in the first system 
electricity  is supplied by the production of biogas with an additional gain of 523 kWh/day.  Besides, 
since nutrients are recycled the cost of cultivation is very low, as well as the cost of CO2 wich can also 
be recycled from the biogas produced. Although there are still some drawbacks to overcome, the 
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biorefinery proposed in this thesis considers important aspects to ensure its sustainability which could 
be attractive to different stakeholders.  
Table 1. Economic balance of a solar power plant for oil production through anaerobic digestion and 
nutrient recycling  
Oil only - Solar power plant 
 
OPEX ($/kg) CAPEX (total $) Energy (kWh/day) 
Cultivation 0.02 1015500 22 
Dewatering 0.13 80000 26 
Oil extraction 0.05 40000 55 
AD 
 
812448 -627 
CO2 0.65 171800 
 Labour 0.48 
  Maintenance 0.29 
 
Total energy 
Total 1.51 2265648 -523 
Amortisation of CAPEX 0.38 
  Total with amortisation 1.89 
  Oil $/L 6.29     
 
Table 2. Economic balance of an oil and protein production system  
Oil with protein-rich biomass 
 
OPEX ($/kg) CAPEX (total $) Energy (kWh/day) 
Cultivation 0.10 1015500 22 
Dewatering 0.13 120000 86 
Drying 
 
171300 67 
Oil extraction 0.05 40000 55 
CO2 1.45 171800 0 
Solar 
 
190398 
 Labour 0.42 
 
Total energy 
Maintenance 0.25 
 
230 
Total 2.40 1960548 
 Amortisation of CAPEX 0.33 
  Total with amortisation 2.73 
  Oil $/L 2.39     
For instance, a proposed “solar power plant” to produce fuel from algae has been developed for the 
University of Queensland Gatton campus. In this scenario, algae cultivation is coupled to the anaerobic 
digester of an adjacent piggery that supplies free CO2. Algae cultivation can also be coupled with the 
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clean-up of effluent water from the piggery. In this scenario, the algae farm would combine the 
production of biodiesel and biogas/electricity with nutrient recycling and optionally cleaning up of 
effluent water. This would make the Gatton UQ campus less reliant of fossil fuel to run its operation 
and would therefore make it attractive to students and would have a high reputation based on its 
sustainability, which would indirectly provide income. Similar indirect benefits can be envisaged for 
the local councils who are interested in waste reduction from piggeries and spoiled vegetables, while 
aiming to create jobs in regional areas. Another potential stakeholder could be the military and air 
fleets who would appreciate the independence to generate fuel without having to rely on other 
countries. Furthermore, clean tech investor firms could be interested, especially in scenario 2, with the 
additional lucrative revenue stream of protein-rich biomass for human consumption. The next steps to 
implement the technologies developed in this thesis will require early adopters of technology who 
envisage not just the economic aspects, but also the social (job creation) and environmental (nutrient 
recycling/renewable biofuel) benefits.  
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